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ABSTRACT vii 
The purpose of this investigation was to obtain a cor-
relation for drag reducing solutions in circular tubes under 
turbulent conditions. Data were taken for three polymer-
solvent systems: polymethyl methacrylate V-100 (M ~ 110,000) 
v 
in toluene, polyisobutylene L-200 (Mv ~ 4,700,000) in toluene, 
and polyisobutylene L-200 in cyclohexane. The data from the 
two polyisobutylene systems, together with other data on 
polymethyl methacrylate G (M ~ 1,500,000) in toluene and poly-
v 
isobutylene L-80 (M ~ 860,000) in cyclohexane, were used to 
v 
attempt to obtain the correlation. The V-100 solutions were 
not used because they were not drag reducing. 
The variables that were believed to affect drag, reduc-
tion were considered and three dimensionless groups were used 
as the correlating groups. These groups were: a generalized 
Reynolds Number ( NRe' ), a Deborah NumberJ which is the ratio 
of the relaxation time of the polymer molecules to a character-
istic flow time of the systemJ and a f~iction factor ratio. 
Two different characteristic flow times were used: D/V and 
~~~,which gave rise to two Deborah Numbers. Also, three 
friction factor ratios were considered. 
The data were studied by plotting two qf the groups and 
using the third one as a parameter. Several concentrations 
of each polymer-solvent system were studied individually and 
the relationships obtained were compared to attempt to obtain 
a correlation independent of concentration. The generalized 
correlation was not obtained using these dimensionless groups 
viii 
but a relationship between f/fpv and ( ~0 . 20 ) /( was observed 
to give a family of curves, each curve representing a different 
polymer-solvent system. The curves were shifted using an 
empirical shift factor in terms of the intrinsic viscosity of 
the systems, e-0.5 L~l The resulting relationship correlated 
data for all the polymer-solvent system studied. 
Several methods for predicting friction factors with 
some accuracy were developed, but these methods only applied 
to a given concentration of a system. A relationship between 
a modified shear stress and velocity that applied to all 
concentrations of a polymer-solvent system was also obtained, 




The phenomenon of drag reduction has been observed in 
solutions of polymers in turbulent flow. Drag reduction for 
flow through circular tubes has been defined (27; 17) as the 
ratio of the pressure drop of the solution to the pressure 
drop of the solvent at the same flow rate. This ratio is 
less than 1 for a drag reducing fluid. 
Drag reduction was first studied by Toms (33) in dilute 
solutions of polymethyl methacrylate in monochlorobenzene. It 
was also observed in the development of flame warfare equip-
ment. It was noticed that the addition of Napalm and other 
gelling agents to gasoline had the property of making the 
pressure drop of the thickened fluid less than that of gaso-
line at the same flow rate (1). Practical use of drag 
reduction is being made in fracturing operations in the petro-
leum industry (22). 
In the last few years, drag reduction has been extensively 
studied. As a result of these studies, today it is possible 
to predict, at least in a qualitative manner, what combinations 
of polymers and solvents would experience drag reduction. 
However, it is not possible to predict accurately the amount 
of drag reduction to be expected for a given polymer-solvent 
system in a tube of a specified diameter. From a practical 
point of view, a correlation that would permit the calculation 
of the amount of drag reduction would be desirable. This work 
was concerned with obtaining a correlation starting with the 
variables that are believed to influence drag reduction. 
II. LITERATURE REVIEW 2 
A. Flow of Newtonian and Non-Newtonian Fluids. 
1. Classification of Fluids. 
All fluids can be classified either as Newtonian or non-
Newtonian. A Newtonian fluid follows the relation: * 
du) I = 11 <ar (1) 
The shear rate-shear stress relationship can be described 
at constant temperature by a single constantJ T)J the viscosity. 
Fluids that do not show this direct relationship between 
shear rate and shear stress in the shear rate range of interest 
are defined as non-Newtonian. 
For non-Newtonian fluidsJ many different types of rela-
tionships have been proposed (4). Two relationships which 
are of concern to us here are: 
a) Power Law Equation 
An equation with two constants 
r = K <~~)V) (2) 
has been shown to represent closely many non-Newtonian fluids 
over a wide range of shear rates. This equation is empiricalJ 
but it usually represents the data better over the normal 
range of shear rates than any other two-constant equation (18). 
The constan:Cs n and K are called the "flow behavior 
index", and the "consistency index", respectively. The flow 
behavior index indicates the deviation from Newtonian behavior. 
* All variables are defined in the Nomenclature 
3 
The consistency index indicates the thickness or consistency 
of the fluid. 
A fluid which follows the power law equation for all 
values of shear rate is defined as a "power law fluid". 
Generally, this equation does not represent the behavior of 
fluids at very high or very low shear rates, where Newtonian 
behavior usually prevails. For practical purposes, however, 
it is often convenient to use the power law equation in.the 
range of shear rates between the upper and lower Newtonian 
regions. 
b) Rabinowitsch-Mooney Equation. 
This type of equation was first used by Metzner and Reed 
(20) to define the laminar flow behavior of non-Newtonian 
fluids in circular tubes: 
D4£ = t = K' (~V)n' (3) 
where n' is defined by the equation: 
n' 
d log ~Dcl' /4L) 
= a log 8V/D) 
The·, constants n' and K' have the same names as the 
power-law constants; however, they are generally not equal. 
If n' and K' are constants, independent of shear rate, 
n 1 n 
In this case, Equation (3) is just another form of the power-
law equation. In the most general case, n' and K' may vary 
with shear rate and must be evaluated as functions of shear 
rate. 
2. Representation of Rheological Data. 
4 
Newtonian and time-independent non-Newtonian fluids can 
be represented by plotting shear stress versus shear rate. 
Rectangular coordinates can be used, but a logarithmic plot 
is more useful. A plot of log D6P/4L versus log 8V/D is widely 
used in capillary viscometry work. Newtonian fluids in laminar 
flow are represented by lines with slopes of 1.0. Non-Newton-
ian fluids are represented by curves with slopes of n' . 
3. Correlations of Friction Factors. 
The Fanning friction factor for flow through circular 
conducts is defined as: 
f _ D&/4L 
- pV2/2gc (4) 
Friction factors have been correlated for Newtonian fluids 
in smooth tubes and rough pipes and the correlations for smooth 
tubes has been extended to purely viscous non-Newtonian 
fluids (9) 
a) Newtonian Fluids. 
In the laminar region, friction factors are given by: 
f = 16/NRe (5) 
where 
NRe = DVp/Y} 
This equation holds for Reynolds Numbers below 2100. 
For turbulent flow an equation of the form: 
1 = A log (NR vf ) + C 
~ e 
was first proposed by Von Karman. Nikuradse (25) obtained 
data for Newtonian fluids and evaluated the constants A and 
C. The values obtained were A = 4.00 and C = -0.40, giving: 
1 
vr 
= 4.00 log [NRe ~ J- 0.40 (6) 
An empirical equation that applies for Reynolds Numbers 
between 5,000 and 200,000 is the following (15): 
f = 0.046 (N )0.20 
Re 
b) Non-Newtonian Fluids. 
(7) 
5 
For the laminar region, an equation similar to Equation 
(5) exists: 
f = 16/NRe' (8) 
' I 2.-n I 1 
where NRe' = DnV p/gc K1 8n- , the Metzner and Reed Reynolds 
Number. NRe' gives a unique correlation for friction factors 
in the laminar region (20). 
For the turbulent region, Dodge and Metzner (9) proposed 
a correlation of the form: 
1 4.0 
y'r 
= --------= (n')0.75 
0.40 
(n')l.2 (9) 
This equation is similar to Equation (6) and reduces to 
it when n' is equal to 1.0. A plot off versus NRe' gives a 
family of curves with n' as parameter. Their data for carbopol 
solutions and attagel suspensions which included fluids with 
n' ranging from 0.36 to 1.00 agree with the proposed equation. 
They claim that the equation can be used for values of n 1 from 
0.2 to 2.0 for purely viscous fluids. Others have not confirm-
ed this relationship however (23,29) 
B. Behavior of Dilute Polymer Solutions. 
A polymer is a material whose molecules are made up of 
6 
small molecules which have reacted chemically and are bound 
together by chemical bonds. The repeating unit of the polymer 
is generally equivalent, or nearly so, to the starting material 
cm·monomer from which the polymer is formed. Polymer chains 
with no branching are said to be linear. The length of such 
chains may be specified by the number of repeating units or 
the degree of polymerization ( D.P. ) or, more commonly, by 
the molecular weight. 
Linear polymers produced by commerical methods do not 
consist of molecules having all the same length. There is a 
distribution of molecular sizes and it is necessary to consider 
average values of molecular weights: number average, weight 
average, viscosity average molecular weights, etc (3). A 
system is said to be monodisperse if it contains molecules of 
just one size. If there is a distribution of molecular sizes 
the system is said to be polydisperse. 
1. Polymer-Solvent Interactions. 
In order for solution of a solute in a solvent to occur 
the free energy of dilution must be negative (32). Because of 
the size and flexibility of the polymer chains, the equations 
describing the properties~ of polymer solutions are often more 
complex than those for low molecular weight solutes. The 
Flory-Huggins equation predicts the value of the partial molal 
free energy for polymer solutions: 
6G1 = ~~~ = RT (ln(l-v2) + (1-! ) v2 + X v2) (10) 
The 11 goodness 11 or 11 poorness " of a solvent can be 
7 
defined in terms of the parameter X in Equation (10). When 
X has a value less than 0.5, the solvent and polymer molecules 
are attracted and the polymer will dissolve in the solvent. 
When X is equal to 0.5, the solvent and polymer molecules 
behave ideally in the sense that there is no interacting between 
them. Solution will not occur for high molecular weight poly-
mers if X is much larger than 0.5. For every solvent polymer 
combination there is a temperature at which X = 0.5. This 
is called the Theta or Flory temperature (14). 
2. Chain Configurations 
A linear, flexible polymer molecule in solution can 
adopt a large number of configurations in solution due to 
rotation of single bonds in the chain, so even for a monodis-
perse system a statistical description of molecular sizes is 
needed (32). The dimension most used to describe molecular 
configuration is the root mean square end to end distance 
1 
("?' )2 . 
If it is assumed that there is a Gaussian distribution 
of configurations and that the bonds are freely rotating, 
then: 
(11) 
This is identical to the solution of the random flight problem 
1 (14). The r.m.s. end to end distance is proportional to~~ 
and therefore to the square root of molecular weight. If the 
molecules are not able to rotate freely, but are restricted by 
bond angles or their rotations are hindered by steric consider-
ations, the r.m.s. end to end~istance will be larger than for 
8 
freely rotating molecules (32) as follows: 
- 1 1 1 1 
(r2) 2 = ~ 2 1 (l+cose)2 (l+cos ~)2 
o b l-cos9 1-cos ¢ 
At the Theta temperature~ the net interaction between 
the solvent and the polymer is zero and the relations mentioned 
above hold. For temperatures above the Theta temperature~ a 
correction factor a because of polymer-solvent interaction is 
necessary, 
a (12) 
At the Theta temperature~ a is equal to 1.0. Above the Theta 
temperature~ the molecules will have a more expanded configur-
ation and a will be greater than 1.0 (14). 
3. Viscosity of Dilute Polymer Solutions 
The addition of small amounts of polymer to solvents 
gives solutions of relatively high viscosities. This is due 
to the extended configurations of the polymer molecules. At 
very low concentrations, viscosity can be related to the 
molecular weight of the polymer and to the extension of the 
polymer molecule in solution (3). 
The specific viscosity is defined by the relation: 
'1s- '1o 
'1sp = (13) 
The limiting viscosity number, also commonly called the intrin-
sic viscosity, is defined by the relation: 
[ T) j = ~~ 0 [ T)~p J (14) 
The intrinsic viscosity can be related to the solution visco-
sity by the Huggins' relations: 
9 
~ 
= [ T] J + k' [ T) J2 (15) c 
where k' is a constant. 
Theta solvent [ 
-1 
It can be shown that for a T) i is prop or-
1 1 J 
-2 
-2 
tional to (r2) (3) . But (r2) is proportional to the square 0 0 
root of molecular weight, or 1 
[ TJ j = K" M/ (16) 
If the solvent is not at its Theta temperature, it can be 
shown that the following relation holds (32): 
[ TJ J = K 11 Mv a ( 17) 
Here M is defined as a viscosity average molecular weight, 
v 
and the constants K11 and a are characteristic of the solvent 
at a particular temperature. For flexible polymer molecu-
les, the constant "a" has a range of 0.50-0.80, depending on 
whether the solvent is a Theta solvent or a very good solvent. 
Equation (17) is known as the Mark-Houwink relationship (32). 
C. Viscoelasticity of Fluids. 
A viscoelastic fluid has properties of both liquids and 
solids. In a purely viscous fluid, the stress is always 
proportional to the rate of strain, and independent of the 
strain. For a purely elastic solid, the stress is proportional 
to the strain, and independent of the rate of strain. In a 
viscoelastic fluid, the stress depends on both the strain and 
the rate of strain. 
In order to characterize the rheological properties of 
a viscoelastic fluid, it is necessary to obtain not only 
10 
shear stress-shear rate data, but also data on the normal 
stresses associated with viscoelastic fluids (37). Normal 
stress differences can be determined experimentally (16), and 
these are an indication of the viscoelasticity of the fluid 
(19). 
Solutions of randomly coiled polymers have been shown 
to possess viscoelastic properties (19). It will be seen 
that viscoelasticity is one of the theories proposed to explain 
the phenomenon of drag reduction, which is discussed in the 
following section. It is therefore important to consider 
the viscoelastic behavior of polymer molecules in solution. 
The concept of relaxation times of polymer molecules in solu-
tion will be briefly presented. 
If a polymer molecule in solution is subjected to a 
mechanical stress, it will deform and store energy. The 
molecule will tend to relax in order to give up the energy 
stored in it. The molecule can relax according to several 
modes (6): the first mode corresponds to translation of the 
molecule; the second mode corresponds to movement of the ends 
of the chain in opposite directions, and so on for the diff-
erent modes. There is a relaxation tirreassociated with each 
mode in a polymer molecules, the first mode corresponding to 
the longest relaxation time. In a polymer solution interactions 
between molecules cause a continuous spectrum of relaxation 
times. 
The calculation of relaxation times is not straight-
forward, but has to be approximated by assuming models. The 
11 
Zimm theory (38) and the Rouse theory (26) have been wide-
ly used for calculating relaxation times. These theories 
are similar in some of their basic assumptions. Both theories 
assume that the polymer molecules can be represented by a 
chain of beads connected by ideal springs. Monodispersity, 
Gaussian distribution of polymer chains, complete chain flexi-
bility, and linear viscoelasticity are all assumed. However, 
they differ in that the Zimm theory assumes complete hydro-
dynamic interaction between the polymer molecule and the fluid 
while the Rouse theory assumes no interaction. A solution 
where there is no interaction between the solvent and the pol-
ymer molecules is called a free draining solution, to which 
the Rouse theory applies. 
Both theories can be considered as special cases of a 
more general theory in which the degree of hydrodynamic inter-
action between the polymer molecule and the solvent is consid-
ered as a variable (34). The Rouse and the Zinnn theories would 
correspond to the extreme cases. In this work the Zimm theory 
will be used. No real polymer system will satisfy the Zimm 
assumptions, but the Zimm theory is useful for comparing dilute 
polymer solutions. 
According to the Zimm theory, relaxation times are given 
by: Mv [ 1] J llo 
7;. = (18) 
0.586 RTA.K 
when infinite dilution is assumed. In this equation AK are the 
eigenvalues corresponding to the different modes of relaxation, 
12 
indicated by k. For dilute solutions, relaxation times are 
given by (35): 
(19) 
As concentration approaches zero, v1 approaches 1.0 and 
Equation 19 reduces to Equation 18. 
D. Drag Reduction. 
The term drag reduction (17,27) has been used to describe 
the phenomenon observed in several polymer solutions where the 
addition of the polymer to the solvent decreases the friction-
al losses to vatues smaller than those of the pure solvent at 
a given flow rate in turbulent flow. 
In a pipe, the decrease in frictional loss will appear 
as a decreased pressure drop; in a rotating disc, it will ap-
pear as a reduction of torque, and therefore the name drag 
reduction. In pipe flow, drag reduction occurs when 
LJl 
LJl solvent -<1 
at constant flow rate. 
A more fundamental definition from the point of view of 
correlation is what can be defined as "turbulence suppression" 
(17). Because of its higher viscosity, the friction factor 
of the polymer solution is normally greater than that of its 
solvent at the same flow rate. In a friction factor plot 
where the abscissa is solvent Reynolds Number, the solution 
curve will lie above that predicted by the Von Karman equation 
for the solvent. By definition, drag reduction occurs at all 
points where the solution curve crosses the Von Karman curve 
13 
and lies below it. However, the solution data show friction 
factors lower than would be expected for a fluid of this 
viscosity for some time before crossing the Von Karman line 
and achieving drag reduction. Therefore, "turbulence suppres-
sionu is defined as: 
6P 
& solution -<1 
for constant flow/rate, where ~ solution is the expected 
pressure drop. If the solution is non-Newtonian, the Dodge-
Metzner correlation could be used for predicting a 6P solu-
tion. 
Many studies of drag reduction have been reported in 
the past few years, most of them in aqueous solutions. A 
thorough review of the literature up to the middle of 1965 
was made by Hershey (17) and will not be repeated here. Only 
relevant papers and more recent ones will be described in this 
thesis. 
Park studied drag reduction in aqueous solutions of CMC 
and J-100 (23). In this work viscoelastic properties, that 
is, normal stress differences, were studied simultaneously 
with drag reduction. Dimensional analysis was used to deter-
mine what groups would be necessary to correlate the properties 
of a viscoelastic fluid. The variables taken into considera-
tion were those that affected the pressure drop for a purely 
viscous non-Newtonian fluid ( D,v,p,K' and n' ) and two other 
quantities that were introduced to take into account visco-
elastic effects: ( P11 - P22)w, the first normal stress diff-
erence evaluated at the wall, and A, defined as the slope of 
14 
a plot of log (P11 - P22)w versus log 8V/D. 
As a result of this analysis, the friction factor was 
obtained as a funct~on NRe', n', A, and G. G was defined as 
the ratio of the first normal stress difference to the shear 
stress at the wall. (Weissenberg Number) For purely viscous 
non-Newtonian fluids, Dodge showed that f was a function of 
n' and NRe'. The dimensionless groups G and A attempted to 
take into account the viscoelastic properties of the solutions. 
To measure the amount of drag reduction, the group was 
f - f 
S = pv (20) 
f - fl pv 
used. This is a measure of the approach to laminar conditions 
where f is the friction factor calculated from Dodge's cor-pv 
relation and f 1 is the laminar friction factor at the given 
Park presented a correlation based on one concentration 
of aqueous J-100 solution data, in terms of G and S with NRe' 
as parameter. The correlation presented is not conclusive. 
Because of the difficulties of obtaining normal stress measure-
ments, very few data points were available; the data was re-
peatable, but lines at constant Reynolds Number were drawn 
with only two points, and sometimes with only one point. The 
correlation is limited to high values of S (high per cent drag 
reduction) and the ratio of the largest to the smallest diameter 
was only 4.0. There is no indication that this correlation 
would work for any other concentration of J-100 or for any other 
15 
polymer-solvent system. Since A was a constant, he did not 
consider itjfor a different system, A would also have to be 
considered. This correlation is not very useful for design 
work because G, a function of pressure drop was correlated 
with S, also a function of pressure drop. This requires trial 
and error calculations. However, it must be mentioned that 
this was the first correlation that attempted to take into 
account the viscoelastic properties of the fluids. 
Patterson (24) studied the structure of turbulence using 
a hot-film anemometer. He developed a mechanism for visco-
elastic drag reduction, which related the reduction in the 
turbulent energy dissipation under drag reducing conditions 
to the reduction in shear stress at the wall. The mechanism 
assumed among other considerations that a Maxwell model des-
cribes the viscoelasticity of polymer solutions in limited 
shear rate ranges. By relating the turbulent energy dissipa-
tion to the wall shear rate in tube flow, Patterson obtained 
the following relationship: 
1 





where W and Ws are the turbulent energy dissipation in the 
viscoelastic and purely viscous fluid respectively. 
This relationship was used to predict drag ratios (i.e., 
0~/6~~) for polyisobutylene L-80 (Mv ~ 860,000) and polyiso-
butylene L-200 (Mv ~ 4,700,000) solutions. The predicted 
values were lower than the measured values, but of the same 
order of magnitude. 
16 
Patterson observed that the turbulent energy dissipation 
spectra for drag reducing solutions were similar at the same 
velocity and they were almost independent of diameter. Also, 
the turbulent energy dissipation spectrum depended on velocity 
to the 1.4 power. The turbulent energy dissipation~ W, can be 
expressed in terms of the turbulent energy spectrum. From 
this consideration, it would appear that the amount of drag 
reduction could be related to the fluid velocity, as indicated 
by Equation (21). 
Hershey (17) studied the effect of size and configuration 
of the polymer molecules in solution on drag reduction. All 
the measurements were taken with non-polar organic solvents. 
The polymers studied were polystyrene in toluene, polyisobuty-
lene in cyclohexane and benzene, and polymethyl methacrylate 
in toluene. All but one of his solutions were Newtonian. 
Hershey observed that drag reduction took place in two 
different regions: in the turbulent region, as a departure 
from the friction factor relationship for fully developed 
turbulent flow, and in the transition region, as an extension 
of the laminar regime to Reynolds Numbers that normally would 
correspond to the transition and turbulent regions. The latter 
type was followed by a delayed transition and a non-drag re-
ducing turbulent region. At high polymer concentrations, the 
first type may start before the laminar-turbulent transition, 
and no transition is observed. 
Drag reduction in the fully developed turbulent region 
was explained in terms of the relaxation times of the polymer 
molecules exceeding a characteristic time scale of the flow. 
17 
If the relaxation time of the molecules is longer than the 
characteristic flow time, the molecules cannot relax fast 
enough to dissipate the energy transferred to them by high 
frequency eddies. The molecules would relax at a lower fre-
quency with less viscous dissipation. When the characteris-
tic flow time is longer than the relaxation time, no drag 
reduction is observed. Details of the mechanism by which 
the molecules relax were not specified. 
A similar proposal was made by Astarita (2). According 
to it, turbulence is not suppressed, but it becomes less dis-
sipative. Preliminary evidence indicates that turbulence 
intensity increases during drag reduction (24). A viscoelastic 
fluid in laminar flow experiences viscous dissipation because 
the shear stress is applied for long periods of time. In 
turbulent flow, the shear is reversed at such high frequencies 
that the stresses on the viscoelastic polymer molecules can 
not relax and the eddies dissipate less energy. It is clear 
that the critical point for drag reduction is where the relax-
ation times of the molecules are of the order of magnitude of 
the characteristic flow time, or of some frequency of the 
dissipative eddies. 
Savins (28) has also proposed a mechanism to explain 
drag reduction in terms of relaxation times. He postulated 
that there was a thickening of the boundary layer in pipe flow 
and that storage of the kinetic energy of the turbulent eddies 
occurs within this thickened boundary layer. Hershey checked 
his proposed hypothesis for fully developed turbulent flow 
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with his experimental data. The relaxation times were calcul-
ated with a nmodified Zimm theory 11 : the viscosity used in 
Equation (18) was a solution viscosity instead of the solvent 
viscosity. This nmodified 11 Zinnn theory indicates that the 
relaxation times for a given polymer-solvent system increases 
with an increase in viscosity, as should be expected, while 
the Zimm theory at infinite dilution predicts relaxation 
times which are independent of concentration. A better choice 
would have been to use Equation 19. The characteristic flow 
time was taken as the viscosity divided by the shear stress 
at the wall. Relaxation times for first and second modes were 
used for comparisons. 
The agreement obtained was generally better than order 
of magnitude. For polyisobutylene (PIB) in cyclohexane, most 
of the characteristic flow times fall between the first and 
second modes. This is fairly good agreement. The theory 
could also be used to predict the presence or absence of drag 
reduction. l.t accurately predicted no drag reduction for the 
polystyrene solutions in the low concentration range; it pre-
dicted drag reduction in tubes which did not show any, but in 
general the predictions were well within an order of magnitude. 
Hershey concluded from his data that the amount of drag 
reduction is related to the molecular configuration of the 
polymer in solution. PIB L-80 was tested in benzene (Theta 
solvent) and in cyclohexane (a good solvent). The maximum 
per cent drag reduction in benzene was about 40 per cent of 
the observed value in cyclohexane at similar flow rates, in 
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the same tube and at approximately the same concentration. 
Therefore~ an expanded configuration of the polymer molecules 
in solution increases drag reduction. The Zimm equation also 
predicts longer relaxation times in the cyclohexane system, 
because the intrinsic viscosity of the same polymer will be 
greater in a good solvent than in a poor one. 
The molecular weight effect was also shown by his data: 
higher molecular weights increased tte amount of drag reduc-
tion. At a given flow rate in each tube, an optimum concen-
tration for drag reduction was observed. This was due to 
viscosity effects. In small tubes, the maximum was observed 
at low concentrations~ so an increase in viscosity decreased 
the amount of drag reduction. For larger tubes, higher con-
centrations gave greater drag reduction, at a fixed flow rate, 
until a maximum was achieved. This effect had also been 
observed by Toms (33). 
The diameter effect that had been observed by other 
experimenters was noticed again, and Hershey observed that 
there is a diameter effect on the Reynolds Number at the 
point where "turbulence suppression" is incipient that is 
close to the first power of diameter. This indicates that 
the mean velocity at this point is independent of tube dia-
meter. 
Shin (30) studied drag reduction in a coaxial cylinder 
turbulence generator, which was in effect a large Couette vis-
cometer, which c~uld be used with the inner or the outer cylin-
der rotating. Data were taken with the inner or the outer 
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cylinder rotating, but only the results obtained with the 
outer cylinder rotating will be discussed because of the un-
certainty about the validity of the results obtained with 
the inner cylinder rotating. Taylor vortices may have been 
generated in the latter case, and this would invalidate the 
results. 
Shin was interested in studying the effects of molecular 
properties on drag reduction. Chain flexibility, size of the 
coils and concentration were studied in dilute polymer solu-
tions. 
Shin made a distinction between "dilute" and "concentrated" 
solutions. The distinction between dilute and concentrated 
solutions was made on the basis of a critical concentration. 
This critical concentration can be defined assuming each poly-
mer molecule occupies a spher~ volume, with an effective 
diameter which is proportional to the r.m.s. end to end dis-
tance. A packing with 26 °/o void volume was assumed and the 
critical concentration is given by C = 4.93xto- 1; [ ~ J ~3 , 
where ~ is a function of the molecular weight of the polymer, 
and of the polymer-solvent system. If a hexagonal packing is 
assumed Zakin (31) has shown that this critical concentration 
is given by 1.08/[ ~ J· Shin's solutions fall under his clas-
sification of "dilute". Shin claimed that the drag reducing 
solutions of Toms (33) and Fabula {12) were also dilute. 
Several important facts were observed by Shin. The max-
imum per cent drag reduction at a given r.p.m. became approx-
imately constant and independent of molecular weight, provided 
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that the molecular weight was not too small. Each molecular 
weight attained drag reduction at a different concentration, 
at the same rotational speed. The high molecular weight mater-
ials experienced maximum drag reduction at a low concentration, 
and low molecular weight materials at high concentrations. 
A plot of per cent drag reduction against concentration 
showed a family of bell-shaped curves with molecular weight 
as parameter. A very interesting fact was that mechanical 
degradation could increase the amount of drag reduction, or 
decrease it, depending on the concentration. As an example, 
if PIB L-300 at a concentration of 8 ppm (parts per million) 
was degraded to a molecular weight close to that of the L-200 
the per cent drag reduction decreased from 30 to 15. But if 
the concentration was 100 ppm (beyond the concentration of 
maximum drag reduction) and was degraded to L-200, the per 
cent drag reduction increased from 10 to 30. However, people 
working with tube flow have observed that degradation was 
always followed by a decrease in drag reduction (17,29). 
Shin presented several hypotheses for drag reduction, 
among them the anisotropic viscosity hypothesis, first suggested 
by Shaver (29). However, this is not sufficient to explain 
drag reduction, because drag reduction has been observed in 
Newtonian fluids. Two other hypotheses dealing with the beha-
vior of polymer molecules in solution were given: the "sol-
vent sequestering ball" theory and the viscoelastic mechanism 
theory. The latter is similar to the suggestions made by Her-
shey and Astarita. 
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Both theories consider polymer molecules in solution 
being stressed. The rrsolvent sequestering ball" theory consi-
ders molecules as spheres that will try to deform under 
stress, a retardation time being associated with this deforma-
tion. Molecules with long retardation times, greater than the 
inverse of the frequencies of certain eddies, will have a much 
slower rate of deformation than that of the solvent. This will 
provide a resisting force to the flow of the solvent, and to 
turbulent fluctuations, thus causing suppression of turbulence. 
Short retardation times will mean that the molecules will 
respond very rapidly to the stress and no resistance will be 
offered to the turbulent fluctuations. 
The viscoelastic theory supposes that the molecule has 
been deformed by the applied stress. This will increase its 
potential energy at the expense of the energy of the eddies. 
In this case it is the relaxation time that is important, as 
was seen in Hershey's hypothesis. 
Shin stated that the parameters which are primarily ass-
ociated with drag reduction are: the number of chain segments 
per molecule (the molecular weight), the goodness or poorness 
of the solvent, and the chain rigidity factor. The effects 
he found for molecular weight and the effect he proposed con-
cerning the goodness or poorness of the solvent are identical 
to what Hershey observed. 
The chain rigidity factor was defined as the ratio of 
the r.m.s. end to end distance of a polymer molecule in a 
Theta solvent to the r.m.s. end to end distance in the absen-
ce of steric hindrances to internal rotation, also in a Theta 
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solvent. The chain rigidity factor is an indication of the 
flexibility of the chain, the smaller its value, the more 
flexible the chain. Shin concluded from some polyethylene -
oxide and some PIB data, that at equal molecular weights, the 
more flexible (less hindered) chains are better drag reducers. 
However, drag reduction is enhanced in good solvents where the 
configuration of the polymer molecules is expanded compared 
with poor solvents where the configuration is more compact. 
Thus, his experimental comparison of two different polymers of 
the same molecular weight without specifying the conditions of 
the solutions, is not sufficient to determine the effect of 
chain rigidity on the drag reducing properties of the polymers. 
Virk and Merrill (36) proposed that the onset of "turbu-
lence suppression" for dilute solutions occurs at a constant 
value of the ratio octhe dimension of the polymer molecules 
(taken as twice the radius of gyration) and a turbulent scale 
proportional to VI~ ~/p . According to this hypothesis the 
wall shear stress at the critical point ( ~~ ) should be 
independent of tube diameter for a given macromolecule. For 
1 
a given tube size, ( ~*)2 should vary inversely as the r.m.s. 
radius of gyration of the polymer molecule, and for a given 
pipe-polymer combination, it should be independent of the 
concentration of the polymer for dilute solution. 
They attempted to use the data of previous experimenters, 
but only Toms (33) and Fabula (12) characterized their polymers 
and Fabula had no data on the onset of "turbulence suppression". 
However, they observed from Toms' and Elata's data (10) that 
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~~f*' is independent of pipe diameter for a given polymer, 
confirming the first conclusion of their hypothesis listed 
above. Toms used two tubes, 0.128 and 0.404 em in diameter, 
and Elata used 2.2 and 5.0-cm tubes, but the fluid systems 
were different. Virk's data for polyethylene oxide in water 
confirmed the other two conclusions. 
Hershey has data for the critical shear stress for sev-
eral polymer-solvent systems over a wide range of tube diameters. 
For the PIB L-80 in cyclohexane the critical shear stress is 
a function of diameter, in general increasing with an increase 
in diameter for a given concentration. For the PMMA in 
toluene, there is also a diameter effect on the critical shear 
stress. Hershey's data also indicates that for a given tube 
size and polymer, the critical shear stress decreases with an 
increase in concentration. This is true for the PIB and PMMA 
solutions and is not in agreement with Virk's conclusions. 
However, the basis of Virk's hypothesis is that the onset 
of "turbulence suppression" occurs when a turbulent scale, 
associated with the smallest eddies near the wall, becomes 
smaller than some macromolecular scale. Fabula (13) showed 
that the ratio of twice the radius of gyration to the turbulent 
scale (taken as AV/J ~/p where A is a constant dependent 
only on radial posttion) is of the order of 0.01 and concluded 
that the "the individual macromolecules are too small to inter-
fere in a particulate manner". This led him to propose a 
molecular viscoelasticity hypothesis for drag reduction. 
This molecular viscoelasticity theory is similar to what 
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has been proposed by Hershey. The 11 extended 11 Zimm theory 
(34) was used to estimate relaxation times, and ~/Yw was used 
to estimate characteristic flow times, and again it was pro-
posed that Y,., • I, = 1. 0 at the critical point. The "extended" 
"'Z 
Zimm theory does not assume complete hydrodynamic interaction 
and the constant and eigenvalue in Zimm 1 s equation are calcu-
lated in terms of excluded volumes and hydrodynamic interac-
tions. 
Fabula derived a relationship showing that the critical 
shear stress is a function of the r.m.s. radius of gyration to 
the 3/2 power and that there is a concentration effect not 
predicted by Virk. However, using Virk's (36) data and his 
own data it appeared that Virk's hypothesis fitted the data 
better than the viscoelastic theory. These data consisted of 
estimated values of radii of gyration and of critical shear 
stresses, both of which are subject to uncertainty. 
Fabula also presents the idea that agglomerates due to 
entanglements of polymer molecules may be present in drag re-
ducing solutions. Fabula states that some experimental evid-
ence supports this hypothesis, and this is an area that is 
open to future investigations .. 
Elata (11) explained drag reduction in terms of increased 
stability of flow near the wall, and of a thickening of the 
boundary layer. Again, the critical point for "turbulence 
suppression 11 is similar to the one defined by Hershey, the only 
difference being that the Rouse theory was used to predict 
relaxation times. 
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The observation that very dilute solutions~ which have 
very small elastic effects~ show considerable drag reduction~ 
was interpreted as an indication that the elastic properties 
near the wall of the tube~ that is in the boundary layer~ 
would affect the polymer molecules~ enabling them to 11 dampen" 
local velocity fluctuationsx~ increasing the stability~ and 
thickening the boundary layer. A very similar hypothesis was 
postulated by Savins (28)~ as seen before. It might be poss-
ible to argue that the Rouse theory could not be used to 
predict relaxation time~ if the elastic properties of the 
solutions are altered by these high shear rates. 
The thickening of the boundary layer was expressed as a 
function of -&,.I, in the form f3 log ( ~ lj ) ~ where 13 is a 
~ 1: 
parameter depending on the polymer characteristics and concen-
tration. By following a procedure similar to the one used to 
develop Equation 6~ it is possible to obtain an equation of 
the type: 
1 
= 4.0 log NRe J f - 0.40 + 13 log ~ Jj 
'7 
The parameter 13 was found from experimental data~ and it 
was observed to increase linearly with concentration for dilute 
solutions~ and to decrease with concentration for higher 
concentrations. 
Several different hypotheses concerning 11 turbulence sup-
pressionx have been reviewed~ and the concept that visco-
elasticity is the cause of this phenomenon seems most probable. 
However detailsof the mechanism are not understood. A more , 
detailed understanding of the exact mechanism is not likely 
until direct experimental techniques are brought to bear on 




Purpose of Investigation 
The object of the experimental part of this investigation 
was to obtain drag reduction data on several different polymer-
solvent systems. These data would be used, together with the 
data obtained by Hershey (17) and the data obtained by the 
author and reported by Hershey, to develop a correlation re-
lating the amount of drag reduction to the fundamental variables 
which affect it. 
Apparatus 
The data for this work were determined in two different 
systems: a pipe flow unit (17) and a capillary viscometer 
(16). The pipe flow unit was utilized in obtaining friction 
factors in large tubes. The capillary viscometer was used 
for rheological characterization of the solutions studied 
and also for determining friction factors in the transition 
and turbulent regions for small diameter tubes. The author 
was not concerned with the design or construction of these 
pieces of equipment. For details on the construction of 
these systems, the reader is referred to references (16,17). 
A. Pipe Flow Unit. 
The pipe flow unit consisted of a test section with 
three carbon steel tubes of 2.0, 1.0, and 0.51 inches I.D. 
in parallel. A diagram of the unit is shown in Figure 1. 
The process fluid was pumped from a 100 gallon tank through 
the test sections and back into the tank. Specifications of 
the tubes are given in Table 5, in Appendix III. 
FIGURE 1 
SCHEMATIC DIAGRAM OF THE 
PIPE FLOW UNIT 
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Two pumps were used depending on the flow rate desired. 
These were Viking positive displacement pumps (rated at 200 
and 35 gallons per minute), driven by variable speed trans-
missions which permitted a continuous variation of the flow 
rates. By choosing the proper valve settings the fluid could 
be pumped by either pump or by both of them simultaneously. 
Flow rates were monitored by turbine meters mounted in 
parallel. The ranges of these meters were 6-10 gpm and 10-140 
gpm. The proper meter was selected and the frequency output 
from the meters was read on an audio frequency meter. Flow 
rates were measured directly after each set of experiments 
at a given reading by diverting the flow to a weighing tank. 
In order to damp out disturbances, surge volumes were 
located at the inlet manifold to the test sections and in 
the pump discharge lines. A by-pass line allowed fluid to be 
pumped directly to the tank without having to pass through 
the test sections. A 1/2 inch diaphragm valve in the recycle 
line helped control flow rates in the lower range of the 
small pump. All other valves in the system were carbon steel 
ball valves. 
The temperature of the fluid could be controlled to 
± 0.1° c The operating temperature was set with a thermo-
regulator. Heat transfer water was circulated through two 
small stainless steel coils in parallel located inside the 
tank. Steam, cooling water, a manual electric heater, and 
an automatically controlled electric heater were available to 
control the temperature of the circulating water. The inlet 
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water temperature was controlled by changing the water and 
steam flow rates through a concentric heat exchanger. The 
electric heaters were located in the water line before the 
inlet to the 100 gallon tank. The automatic heater was con-
trolled by the thermoregulator by means of relays. Thermo-
meters were located on the outlet and inlet water lines and 
their readings were used to set the flow rates of water and 
steam. 
Each test tube had three pressure taps that were connected 
by nylon lines to a series of valves on a valve table and 
could be connected to manometers. By selecting the proper 
valves, pressure drops could be measured between the end taps 
or any combination of the end and middle taps. All lines in 
the manometer table were 1/4-inch nylon lines and all valves 
were 1/2-inch carbon steel ball valves. 
Three different manometers were used to read pressure 
drops: aU-type mercury manometer with fluid traps, a process 
fluid inverted manometer, and a slant process fluid inverted 
manometer. These first two manometers are shown on Figure 2. 
By selecting the proper valves in the valve table, the appro-
priate manometer could be valved in. The mercury manometer 
had process fluid above the mercury and the fluid in the traps 
above the legs supplied a continuous liquid phase for pressure 
transmission. The fluid manometers were connected to an air 
regulator so that the position of the air-liquid interface 
could be controlled. 
B. Capillary Viscometer. 
FIGURE 2 
A VIEW OF THE LOWER PART OF THE 





The unit which is referred to in this work as the capil-
lary viscometer is a flow system that was used not only for 
viscomet~y~ but also for obtaining friction factors in the 
turbulent and transition regions for the polymer solutions 
investigated. 
The principal parts of this unit are: a) constant temper-
otr 
ature bath, b) fluid reserviour, c) fluid pump and variable 
speed transmission, d) capillary tubes and heat exhangers, 
water recirculating pump, and f) manometers and gauges. These 
are shown in Figures 3 and 4. 
The constant temperature bath consisted of a 5 gallon 
can filled with water. The temperature was controlled by a 
thermoregulator that activated a 1000 watt heater. Cooling 
was provided by cool tap water passing through a copper coil. 
The process fluid passed through a stainless steel coil inmer-




The fluid reservious was constructed out of standard 
pipe fittings: a 2-inch galvanized pipe coupling with a gal-
vanized reducer at the bottom. It had a capacity of 15 cubic 
inches. 
Two Zenith metering gear pumps were used to pump the 
fluid. The small pump was used in the low range of flow rates 
(0-50 cc/min), while the large pump was used for high flow 
rates (50-560 cc/min). The pumps were driven by a Graham 
variable speed transmission and motor. 
The capillary tube was located inside a heat exchanger 
FIGURE 3 
SCHEMATIC DIAGRAM OF PROCESS 
FLUID FLOW SYSTEM AND AUXILIARY 
EQUIPMENT 
1. Mercury manometer 
2. Process fluid manometer 
3. Micromanometer 
4. Air discharge tube 
5. Volume capacity line 
6. Bourdon pressure gauge (0-300 psi) 
1· Bourdon pressure gauge (0-100 psi) 
8. Compensating air pressure line 
g. Zenith metering gear pump 
10. Graham variable speed transmission Model 
No. 45R2.8 
11. Fluid reservoir 
12. Constant temperature bath 
13. Process fluid outlet 




SCHEMATIC DIAGRAM OF VISCOMETER AND 
COOLING WATER FLOW SYSTEM 
1. Constant temperature bath 
2. Cooling water return line 
3. Viscometer heat exchanger jacket 




jacket and placed in a horizontal position. The capillary 
tubes were provided with adapters at the ends and connected 
by Swagelok fittings to the heat exchanger. Seven different 
capillary tubes were availableJ in such a way as to give a 
wide range of shear rates. The dimensions of these tubes are 
shown in Table 5J in Appendix III. For more details on the 
specifications of these tubesJ the reader is referred to (16). 
Four jackets were availableJ having lengths to match 
the lengths of the capillary tubes. These jackets were cons-
tructed of galvanized steel pipe with brass Swagelok fittings 
at the ends. One end of the jacket was connected to the con-
stant temperature bath and the other end to the water pump. 
The capillary tube was connected on one end to the process 
fluid outlet from the bathJ and the other end discharged into 
the fluid reservoir. A curved glass funnel was used to catch 
the fluid jet coming out of the capillary tube. 
The water recirculating pump was a 1/6 HP centrifugal 
pump that provided mixing inside the constant temperature 
bath and pumped water through the jacket surrounding the 
capillary tube. In this way, the capillary tube could be kept 
at the same temperature as the bath. 
Pressure drops in the capillary tubes were measured by 
a system of manometers and gauges. As the fluid discharged 
to the atmosphereJ only the pressure at the entrance to the 
tube had to be measured. Three manometers and two gauges were 
used to cover the range of pressures up to 300 psi gauge. 
Figure 3 shows the manometers. All the manometers and gauges 
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were connected to a manifold. The pressure tap in the pro-
cess fluid coil was connected to this manifold. By means of 
ball valves, the proper manometer could be selected. The 
manometers used were: a process fluid manometer, a process 
fluid micromanometer, and a single leg, well-type mercury 
manometer. 0-100 and 0-300 psi Bourdon gauges were used. 
All lines in the system were 1/4-inch nylon tubing and 
all fittings with which the fluid came in contact were steel 
Swagelok fittings. Brass fittings were not used because of 
the suspected catalytic effect of copper on the degradation 
of polymers (17). A vent line to facilitate the elimination 
of air from the system was located in the top last turn of 
the process fluid coil in the bath. 
Operational Procedure 
A. Pipe Flow Unit 
The steps involved in the operation ot this unit were: 
1. Draining. 
The draining of the system was performed by pumping 
the fluid into a 55 gallon drum connected to the unit by a 
flexible line. The line was connected at the discharge from 
the small pump. When most of the fluid had been pumped into 
the drum, the remaining fluid was allowed to drain out of the 
system. Drain valves were located in the pumps, in the inlet 
and outlet manifolds of the test sections, in the calibrating 
drum and in the tank. The flexible line connected to the 
bottom of the drum was disconnected and fluid was also 
drained out through this point. The manometers and the valve 
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table were drained through a valve at the bottom of the pro-
cess fluid manometer. 
2. Flushing. 
The flushing fluid was pumped into the unit by one 
small pump. The flexible line was connected to the small 
line in the drum containing the fluid with the drum lying on 
its side. The inlet line was next to the calibrating station 
and the procedure was similar to pumping the fluid back into 
the unit after a calibration. The fluid was'pumped through 
the by-pass-line directly into the tank, by-passing the test 
sections. The fluid was then pumped through the unit for 
some time, and then drained. The operation was performed 
first with used solvent, (not very contaminated) and if the 
new solvent was different, then with fresh solvent.Lf the 
solvent did not change, only the first flushing was made before 
the solvent for the next set of experiments was pumped into 
the unit. 
3. Friction Factor Measurements. 
After the solvent was pumped into the unit a stock 
solution of the polymer which would mix readily with the sol-
vent was added to the calibrating tank. The solution was 
mixed by valving the fluid into the calibrating tank several 
times and pumping it back into the unit. 
In order to minimize degradation of the polymer in solu-
tion, measurements were taken in the large tubes first, the 
fluid being pumped with the large pump. The heaters, water, 
and steam were turned on~ the thermoregulator was set to the 
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desired value, and the fluid was brought to temperature equi-
librium in the 2-inch tube. The steam and water flow rates 
were controlled to give an inlet water temperature a few 
degrees below the desired process temperature. 
The setting of the variable speed drive was selected to 
give the desired reading in the audio frequency meter. The 
lines from the 2-inch tube pressure taps were valved in, and 
the pressure was read in the appropriate manometer. When the 
flow rate as indicated in the audio frequency meter was con-
stant, the temperature of the fluid was within the required 
bounds ( t 0.1° C about the set temperature ), and the read-
ing of the manometer was oscillating about a constant value 
( with an amplitude of about r 0.5 inches ), the manometer 
valves were closed and the pressure differential was read. 
Other recorded data were: process fluid temperature, flow 
meter reading, and manometer temperature. The flow was di-
verted to the l-inch tube, and when the temperature was within 
bounds, the measurement was repeated at the same reading of 
the frequency meter. This generally involved changing the 
setting of the variable speed drive. No readings were taken 
in the 0.5 inch tube with the large pump, because the high 
pressure drops necessary could not be obtained by this pump. 
Before calibration, it was necessary to determine the 
tare weight of the calibrating tank with all lines except the 
flexible line disconnected. After this had been done, the 
tank was connected back to the system. The calibration was 
performed using the smallest tube possible. If the large tubes 
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with low pressure losses were used, there was a tendency 
for the flow rate to change when the flow was diverted to the 
weighing tank. 
The calibration continued until about 100 pounds of 
fluid were collected. It was necessary to watch the frequency 
meter closely to avoid any drift in the reading. After 
weighing, the fluid was pumped back into the system with the 
small pump. The next higher flow rate was selected and the 
procedure was repeated. 
For the low volumetric flow rates, the small pump and 
the small turbine meter were used. This was mainly for measu-
rements in the 0.5 and l-inch tubes, as the pressure drops in 
the 2-inch tube were small at these flow rates. The procedure 
outlined before was repeated. Again, it was advisable to 
start at low flow rates where the polymer degrades more slowly 
and increase the flow rates in successive steps. 
After the last measurement was taken, the water, the 
steam, and the heater were turned off and all the valves con-
necting the tank to the test section were closed. 
B. Capillary Viscometer. 
The techniques used to obtain data in the capillary 
viscometer consisted of the following steps: a) draining, b) 
flushing, c) viscometry measurements, and d) turbulent and 
transition friction factor measurements. 
1. Draining. 
The unit was drained by disconnecting all parts and 
draining each part individually. The most difficult section 
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to drain, because the fluid had a tendency to remain trapped, 
was the process fluid coil in the bath. It was necessary to 
force the fluid out by blowing into the coil. All manometers 
were easily disconnected and drained; for the mercury mano-
meter it was necessary to remove the mercury in order to drain 
the trap. 
2. Flushing. 
In order to flush the system, it was necessary to have 
a capillary tube in position. The first tube that was to be 
used was placed in its jacket and connected to the system. 
The jacket was leveled before tightening the connections to 
the bath and to the water pump. 
The procedure followed for flushing was different 
depending on whether a different concentration of the same 
solution, or a completely different solvent and polymer were 
to be studied. When changing concentrations of the same 
solution, the system was filled with a new solution and the 
fluid was recirculated for about 15 minutes and then drained. 
Generally, the solutions were run with increasing concentration! 
Fresbsolution to be tested was then added to the system. When 
changing polymer or solvent, it was necessary to be certain 
that no polymer remained in the unit. Therefore, the flush-
ing procedure was more time consuming. The solvent used 
before was used for the flushing step and a period of 1 1/2 
hours at very high flow rates was sufficient to remove any 
polymer deposited on the walls of the unit. If the solvent 
used before was not a good solvent for that particular polymer, 
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this first step was performed using a good solvent. Then 
the unit was filled with the solvent to be used in the next 
experiment and flushed for about one hour. After draining, 
the system was filled with the new test solution, drained and 
filled again. The mercury was added back to the manometer, 
and all air was removed from the trap. 
3. Viscometry Measurements. 
It was most important in this procedure to be certain 
that all air had been removed from the system. This was done 
by forcing the air out through the vent line. Any air trap-
ped in the entrance to the capillary tube was forced out by 
building pressure in the system and then allowing the fluid 
to push the air out. The end of the capillary tube was block-
ed with a finger and the fluid was forced into the process 
fluid manometer, all the way to the top. Then by removing 
the finger, the fluid was allowed to flow out, forcing the 
air out. This was repeated several times. When the large 
pump was being used, this step was not necessary. The high 
flow rates provided by this pump forced all the air out. 
The thermoregulato~ was set at the desired temperature, 
and once the temperature in the bath was constant, the variable 
speed drive was set to the desired value. When the pressure 
reading in the manometer was constant, the flow rate was 
determined by catching the jet out of the capillary for a 
period of time ranging from 2 minutes to 20 seconds, depend-
ing on the flow rate. A stop watch accurate to 0.1 seconds 
was used for measuring time. When measurements were taken for 
20 seconds, the error in the flow rate was of the order of 
0.5 to 1.0 per cent. The pressure and process temperature 
were read again and compared to the values obtained before 
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the flow measurement. If the difference in pressure reading 
was small, an average value was taken. This was generally the 
case. If large, the measurement was repeated. A new setting 
of the variable speed drive giving a higher flow rate was 
selected and the procedure was repeated. At the end of the 
run, the manometers were zeroed by stopping the pump. The 
tube was then changed. 
In taking the viscometry data, it was decided that all 
laminar data should be obtained first in order to avoid de-
gradation in the turbulent region. This made the procedure 
more time consuming because certain tubes had to be removed 
and then connected again for the turbulent measurements. 
4. Turbulent Measurements. 
Measurements in the turbulent and in the transition re-
gion were similar to viscosity measurements. As mentioned 
before, it was easier to remove the air from the system for 
these measurements when the large pump was used. 
Some of the readings required the use of the Bourdon 
gauges. When the 100 psi gauge was used, air from an air reg-
ulator was used to bring the pressure reading to equilibrium. 
The air pressure in the line to the gauge was set so the 
liquid air interface did not move. In this way, pressure 
readings were taken in shorter periods of time. For the 300 
psi gauge it was not possible to use this procedure because 
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the air had a maximum pressure of about 80 psi. 
All measurements in the manometers were taken with 
decreasing flow rates, and all measurements with the gauges 
were taken with increasing flow rates. With the manometers, 
it was observed that equilibrium was reached faster by going 
in the direction of decreasing flow rates. Because of bind-
ing of the pumps at high pressures, gauge readings were taken 
starting with low pressures {low flow rates) and increasing 
the flow rates until the pump started to bind. 
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IV DATA AND RESULTS 
Friction factors were measured in both the capillary 
unit and the pipe flow unit for three systems: polymethylmetha-
crylate (PMMA) V-100 in toluene, polyisobutylene (PIB) L-200 
in toluene, and polyisobutylene L-200 in cyclohexane. Four 
concentrations of PMMA V-100, six of PIB L-200 in toluene, 
and three of PIB L-200 in cyclohexane were studied in the pipe 
flow unit. One concentration of PMMA, three of PIB L-200 in 
toluene, and three of PIB L-200 in cyclohexane were studied 
in the capillary unit. The results for these solutions are 
presented below. Additional results obtained by the author 
on polyisobutylene L-80 in cyclohexane and in benzene, poly-
methylmethacrylate G in toluene, polystyrene (Mv ~ 240,000) 
in toluene, and polyisobutylene LMMH in cyclohexane in the 
capillary viscometer have been reported by Hershey (17), and 
will not be presented here. 
A. PMMA V-100 in Toluene 
Figure 5*shows the results, expressed as friction 
factors versus solvent Reynolds Number for the 0.01, 0.05, 
0.1, and 0.95 per cent solutions in the pipe flow unit, and 
for the 0.95 per cent solution in the capillary unit. The data 
for the pipe flow unit and for the capillary unit are presented 
in Tables 3 and 4 of Appendix II. 
This low molecular weight polymer (Mv ~ 110,000) did 
not show drag reduction in toluene at any of the concentra-
tions studied in the pipe flow unit, and nonein the 0.95 
*Solid lines represent Equations 5 and 6. Symbols represent 
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per cent solution studied in the capillary unit. Hershey 
(17) observed drag reduction with a higher molecular weight 
PMMA under similar condition. The fact that PMMA V-100 did 
not show drag reduction is not surprising, considering the 
important effect of molecular weight on drag reduction (17). 
Similar results were obtained by Hershey for a low molecular 
weight polisobutylene (M ~ 46~000) dissolved in cyclohexane 
v 
and for polystyrene (M ~ 240,000) in toluene. 
v 
B. PIB L-200 in Toluene. 
Figures 6 to 8 show the data for the 0.001, 0.01, 0.05, 
0.10, 0.22, and 0.42 per cent solutions in the pipe flow unit, 
and for the 0.05, 0.10, and 0.42 per cent solutions in the 
capillary unit. The data for measurements in the pipe flow 
unit and the capillary unit are tabulated in Tables 3 and 4 
of Appendix II. 
PIB L-200 has a molecular weight higher than any of the 
polymers studied by Hershey. It was expected that this 
material would permit drag reduction to be obtained in the 
2-inch tube, a result which has never been reported for poly-
mer solutions in organic solvents. 
Drag reduction was observed in the small tubes at the 
concentrations studied in the small unit:* The 0.42 per cent 
* The solutions studied in the small unit were obtained by 
diluting the 0.42 per cent solution obtained from the pipe 
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solution in the 0.033 and the 0.046 tubes did not show any 
transition region, while the 0.063 tube went through a 
delayed transition region. For the less concentrated solu-
tions a transition region was always observed followed by 
a drag reducing turbulent region. 
The measurements in the pipe flow unit showed consid-
erable scatter. However, it is clear that drag reduction 
~as observed for each of the solutions, either in the o.s-
inch tube for the most dilute solutions, or in both the 0.5 
and the l-inch tubes for the more concentrated solutions. The 
ma.~imum per cent "turbulence suppressionu* observed was 54 
per cent in the 0.5 inch tube for the 0.22 per cent solution, 
the most concentrated solution studied in this tube. For the 
l~inch tube, the maximum observed was 48 per cent in the 0.42 
per cent solution. 
In measuring friction factors under drag reducing con-
ditions, it is important to consider the effect of mechanical 
degradation of the polymer molecules in solution. Pressure 
d~op measurements for the 0.10 and 0.42 per cent solutions 
~de along with intensity of turbulence measurements, and the 
decrease in drag reduction was observed as a function of time 
in the l-inch tube. In the 0.10 per cent solution, the per 
.._. _____ _ 
* "Turbulence suppression" is introduced here because it will 
be desired to compare the two PIB L-200 systems. Because of 
viscosity effects turbulence suppression comparisons are more 
significant than drag reduction. 
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cent solutionJ the per cent drag reduction decreased from 33 
to 13 per cent in a period of two hours. Similar behavior 
was observed for the 0.42 per cent solution, for which the per 
cent drag reduction decreased from 32 to 14 per cent in two 
hours. These results are not shown in Figure 8. In the 0.5-
inch tube, degradation should be worse. 
Rheological characterizations of the 0.05J O.lOJ and 
0.42 per cent solutions are summarized in Table 6. The data 
are tabulated in Table 2. Least squares analyses of the data 
indicate that there is a 95 per cent confidence probability 
that the data are linear in the range of shear rates studied. 
The 0.05 and the 0.10 per cent solutions were Newtonian) with 
n 1 equal to 0.99 and 1.00 respectively. The initial 0.42 
per cent solution was slightly non-Newtonian) with an n 1 of 
0.94. 
C. PIB L-200 in Cyclohexane. 
Figures 9 to 11 show the results for 0.05J 0.20, and 
0.40 solutions in the pipe flow unit and in the capillary 
unit. The data for measurements in the pipe flow unit and 
the capillary unit are shown in Tables 3 and 4, respectively. 
The measurements in the pipe flow unit for the 0.05 and 
0.20 per cent solutions were erratic, because of contamination 
of the mercury. The results were obtained after pumping for 
long periods of time because of difficulties with the mano-
meters. This degraded the solutions and decreased the amount 
of drag reduction observed. The solutions were barely drag 
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observed in the l-inch tube. The 0.05 per cent sample for 
the capillary unit was taken after friction factor measure-
ments. It was badly degraded and it showed little drag 
reduction. The 0.20 per cent solution in the capillary unit 
was observed to go through an extension of the laminar region 
and no transition region was observed. A maximum per cent 
t-'turbulence suppression" of 66.5 per cent was observed in the 
0.5-inch tubeJ and 57 per cent was obtained in the l-inch 
tube. It is possible to compare this to the maximum "turbu-
lence suppression" observed in the toluene solutions. Max-
imum values of "turbulence suppression" in these two solvents 
were obtained at comparable solvent Reynolds Number. The 
solution Reynolds Number of the cyclohexane solutions were 
always lower than those of the tolueneJ because the cyclo-
hexane solutions were more viscous than the toluene solutions 
at similar concentrations. At lower solution Reynolds NumbersJ 
the cyclohexane solutions were better "turbulence suppressors" 
as should be expected from the configuration of the polymer 
molecules in solution. Cyclohexane is a better solvent for 
PIB L-200 than toluene. The intrinsic viscosity in cyclohexane 
is 11.4J and in toluene is 4.2. In the small tubesJ the 
turbulent region could not be reached with the 0.40 per cent 
solution because of its high viscosity. 
Capillary viscometry results for the three solutions 
studied are summarized in Table 6. The data are tabulated in 
Table 2. The 0.05 per cent solution was Newtonian with an n' 
Of 0.99; the 0.10 per cent solution was almost Newtonian with 
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an n 1 of 0.97, and the 0.40 per cent solution was non-Newton-
ian with an n 1 of 0.85. 
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V. DISCUSSION 
Correlation of Friction Reduction 
In order to correlate the amount of friction reduction 
in a pipe, it was necessary to consider the variables that 
influence this phenomenon. Following the reasoning of Park, 
(23), it is possible to write: 
b.P • L = ~ (D,V, p, n', K,l,p gc) 
For Newtonian fluids, K1 reduces to the viscosity of the 
solution. 





n 1 2-n 1 
G ( D V ~ 
K' 8n -1 gc ' 
) 
where T is a characteristic flow time in turbulent flow 
which could be obtained from the variables listed above. 
The Metzner and Reed Reynolds Number was used because 
it has the advantage of correlating all friction factors in 
the laminar region with a single line. Dodge (9) has shown 
in the correlation for non-elastic fluids, that D,v,p,n' ,K', 
and gc have to be considered. 
The relaxation time was introduced as an attempt to take 
into account the elastic properties of a viscoelastic fluid 
using the ratio m = JK/T which has been defined as a Deborah 
Number (21). The characteristic flow time will be defined in 
two different ways, corresponding to two different approaches 
to the correlation of friction reduction data. 
Following the reasoning of Hershey (17) and Fabula (13) 
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~ ri~p is a characteristic flow time for Newtonian fluids. If 
this were to be extended to non-Newtonian fluids, it would be 
necessary to use, instead of~, an apparent viscosity ~a· In 
this work, all the solutions except two were Newtonian, and the 
non-Newtonian solutions were close to being Newtonian. For 
this reason, a constant value of ~a was used for these solu-
tions. 
A second type of characteristic flow time is given by 
L/V, where L is a characteristic length, which was selected 
to be the tube diameter. This type of flow time was selected 
because, as will be seen, all relationships developed with 
the first type of flow time indicated that velocity should 
be considered as a variable. This contention was supported 
by the relation between the turbulent energy dissipation 
spectra and velocity observed by Patterson. 
For drag reducing fluids, it is more meaningful to 
attempt to correlate the departure from purely viscous behav-
ior, or the ratio of the measured friction factor to some 
predicted friction factor, than to use the conventional fric-
tion factor. It was also decided that it would be more 
significant to correlate what has been defined as "turbulence" 
suppressionn. 
Three groups were considered as possibilities for 
measuring the amount of "turbulence suppression 11 • 
(fpv- f)/ fpv , nturbulence suppression" ratio 
f/f , a modified ttdrag ration pv 
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(fpv- f)/(fpv-fl) , a ratio indicatint the approach to 
laminar conditions, first used by Park (23). 
The first and second groups considered have the disad-
vantage of not indicating that there is a limit to nturbulence 
suppression". This limit is the approach to laminar condi-
tions. For a given Reynolds Number, it would be impossible 
to obtain a friction factor lower than 16/NRe'· The third 
group, which was suggested by Park, approaches 1 as the flow 
approaches laminar conditions, and approaches zero if the 
turbulent behavior is purely viscous. The first and third 
group have the disadvantage of being very sensitive to small 
errors in pressure drop measurements, particularly at low 
values of turbulence suppression, while the second group is 
not very sensitive to pressure drop. 
The three groups used for correlating the data were NRe'' 
1,/T, and F. F is one of the three friction factor groups 
described previously, and ~ is the relaxation time corres-
ponding to the first mode of relaxation and calculated using 
the Zimm equation (Equation (19)) and assuming v1 equal to 1. 
Starting with these three fundamental dimensionless 
groups, different combinations were tried to see which one was 
most useful to fit the data. In general, two of these groups 
were plotted, and the third one was used as a parameter. 
The solvents and polymers studied were: polyisobutylene 
L-80 (Mv ~ 860,000) in cyclohexane,* polymethyl methacrylate 
(Mv ~ 1,500,000) G in toluene,* polyisobutylene L-200 
* from Reference (17) 
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(Mv ~ 4,700,000) in toluene~ and polyisobutylene L-200 in 
cyclohexane. Data for different concentrations of a given 
polymer-solvent combination were available, so the attempt 
to correlate the data consisted of three steps: 
1. Determine whether the dimensionless groups correlated 
the data for the different tubes at a given concentration. 
2. If (1) was satisfied for a given concentration~ check 
to determine if it could be extended to all concentrations 
of a given polymer-solvent combination. 
3. If all the data for a given polymer-solvent system 
were correlated, determine if the relationship applied to 
all polymer-solvent combinations. 
The two different approaches for estimating the flow 
time which have been mentioned previously, were studied in a 
series of ways, which will be discussed below: 
A. Use of ~~~ as Characteristic Flow Time. 
The three friction factor groups which were presented 
previously, were studied. The third group, which will be 
referred to as S, gave the best relationships. The other 
groups sometimes gave no correlation at all and they never 
improved the relationships obtained using S, thus only the 
attempts to correlate the data using S will be discussed. 
It has been mentioned that a friction factor group, S, 
would be correlated with a dimensionless group, m, involving 
a characteristic flow time. It should be mentioned at this 
point that both S and ~ are functions of the wall shear stress 
or of the pressure drop which is often the unknown quantity. 
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Thus, to make any practical use of a correlation of this type, 
it would be necessary to use trial and error or other special 
procedures to determine the pressure drop. 
The following combinations of the dimensionless groups 
were studied, and gave some useful relationships: 
1. S vs. log NRe'· 
For this type of relationship, ~' was used as parameter, 
and it was tested on: 0.05 and 0.10 per cent PIB L-80 in 
cyclohexane, 0.55 and 0.90 per cent PMMA G in toluene, and 
0.05 and 0.10 per cent PIB L-200 in toluene. Figures 12 and 
13 show the results for the 0.05 per cent PIB L-80 and the 
0.05 per cent PIB L-200 solutions. All other solutions showed 
similar behavior. 
This type of representation satisfies the first condition. 
All polymer solutions checked appear to behave in a similar 
way for the tubes used in this work. There is a wide region 
between the 0.063 and 0.51-inch tube where no data are avail-
able, so there is considerable uncertainty in this region. 
The curves at constant ~ are not equally spaced, so it would 
be difficult to extrapolate to a value of ~ far away from the 
experimental region. 
Difficulties were encountered in trying to extend the 
correlation to different concentrations of a given polymer-
solvent system. Curves for a given ~ do not superimpose to 
give a unique correlation. It is believed that this is due 
to the definition of the different groups: S is dependent on 
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viscosity affects all of the groups. A change in viscosity, 
for example, affects simultaneously all of the groups, and 
this makes correlation difficult. 
This behavior was common to all six of the PIB L-80, 
PMMA-G, and PIB L-200 solutions checked. The second condition 
having failed, this type of correlation could not be extended 
to all polymer-solvent systems. It has been mentioned that 
the other two types of friction factor groups were tried in 
a similar manner, but no improvement was observed. 
This type of relationship is useful for interpolations 
and extrapolations not far away from the experimental region. 
for a given polymer solution. For a given concentration, the 
group ~ reduces to a shear stress at the wall multiplied by a 
series of constants, so the parameter is really tw . This 
relationship also has the advantage of being very sensitive 
to pressure drop. At low values of S (less than 0.1) this 
sensitivity can be a disadvantage because a small error in 
pressure drop will shift the lower portion of the curves con-
siderably. Even so, a 10 per cent error in S gives only a 1 
per cent error in the predicted friction factor at high Rey-
nolds Number. 
Some of the aqueous CMC data of Dodge are shown in Figure 
14, using ~ as parameter. Dodge's data correspond to high 
values of S, because the type of drag reduction observed by 
Dodge is an extension of the laminar region. 
A simple method for interpolation (or extrapolation) can 
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is desired to calculate the pressure drop for a given tube 
at a particular Reynolds Number. This fixes the velocity, 
and S can be expressed as a function of <ti: 
f f s EV Kl + IS m = f -£ - f -f = pv rl pv tl (22) 
From the graph showingS versus log NRe'' it is possible 
to read values of Sat constant NRe' at the different values 
of ~corresponding to the parametric curves. These points 
are then plotted as S versus ~ on rectangular coordinates. 
The line representing S = K1 + K2 m is also plotted. The 
intersection of the straight line and of the curve fitted 
through the plotted points would give the pressure drop for 
the Reynolds Number at the given conditions. 
2. S versus ~ 
For this correlation~ the Reynolds Number was to be used 
as the parameter. This is similar to the correlation proposed 
by Park for the aqueous J-100 data, except that ~ was used 
instead of the Weissenberg Number, (P 11-?22)/~ The same 
PIB L-80~ PMMA-G~ and PIB L-200 solutions were studied. 
Reynolds Number can not be used as the parameter over a 
wide range of tube diameters, because the Reynolds Numbers for 
the large tubes are about 20 times larger than for the small 
tubes, in the same range of S and ~. The Reynolds Number could 
be used as a parameter if the diameters were in a given range 
(i.e., 0.033 to 0.063 inchesJ or 0.5 to 2.0 inches) but not 
for a very wide range of diameters. Park used 0.5, 1.0, and 
2.0-inch tubes in his correlation, and the discontinuity 
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between the Reynolds Number for the large and small tubes 
raises some questions about the generality of Park's correla-
tion. 
Because of the effect diameter had on this type of corr-
elation, it was decided to investigate the use of velocity as 
a parameter in place of NRev. Figures 15 and 16 show the 
results for the 0.55 per cent PMMA-G and the 0.10 per cent 
L-200 solutions. The 0.10 per cent solution indicates that 
the pressure drop depends only on velocity. The curves are 
similar to the curves for 0.55 per cent PMMA, but steeper. 
The behavior is similar for all other solutions. 
Again, the data follow certain trends that would be use-
ful for interpolation and some moderate scale-up. This is 
another indication that velocity is a good variable for corre-
lating the data. 
When a correlation of this type was tested with different 
concentrations of the same polymer-solvent combination, the 
correlation failed. It was not possible to bring the curves 
together by taking into consideration the effects of concentra-
tion on solution viscosity for the same reasons stated on page 
b~. 
This relationship has the advantage of being easy to use 
for interpolations. For example, assume it is desired to 
calculate the pressure drop for a given tube at a certain 
Reynolds Number. The purely viscous friction factor and the 
laminar friction factor are known, then, as before 
(22) 
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The shear stress can be converted to m and if Equation (22) 
is plotted on the S versus ~ graph, a straight line would 
result. The intersection of this line with the curve for the 
given velocity, will determine the pressure drop. Since for 
a given concentration~ m would be a function of shear stress 
only S could be plotted against shear stress instead of m. 
3. Non-dimensionless Correlation 
Since a concentration effect was observed in the two 
p~evious correlations, and since each tube gave a unique curve 
on these plots, a non-dimensionless approach was attempted 
bas~d on modifications of m and the Reynolds Number. 
The group m for a given concentration, is directly pro-
portional to shear stress at the wall, all the other terms 
being constants. Considering the empirical equation for 












whe~e K3 is a constant for a given concentration. For non-
Dl. 20 6.P 
drag reducing fluids, log 4L versus log V would give a 
st~stght line with a slope of 1.80. A similar approach has 
beeo used by Bowen (5) to correlate non-Newtonian friction 
facto~s in turbulent flow. Plotting log n1 · 206.P/4L versus 
log V, the concentration effect is taken into account for a 
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given polymer-solvent system, with some scattering of the data. 
Figures 17 and 18 represent the data for the different polymer-
solvent systems used for all the concentrations studied. 
It should be pointed out that because logarithmic scales 
are used, this type of representation gives the impression 
that there is little scatter in the data. Furthermore, the 
function o1 ·206P/4L is not very sensitive, in contrast to S, 
which was very sensitive to variations in pressure drops. 
Viscosity does not appear in any of the groups used in 
this type of correlation. It would be expected that viscosity 
should have some effect in drag reduction. In order to study 
this, the data for each tube were studed separately in order 
to try to eliminate some of the scatter by taking viscosity 
into account. There was no trend in the scatter of the data 
for the different concentrations, and the introduction of 
viscosity would scatter the data even more. 
This leads to the conclusion that the pressure drop at 
a given velocity is independent of the viscosity of the solu-
tion. This can be considered to be a characteristic behavior 
of these data, but this is not true for other drag reducing 
data. Toms' (33) data for PMMA in monochlorobenzene behave in 
a different manner. The shear stress at the wall was fixed 
for each tube (fixed pressure drop), and at different concen-
trations velocities were measured. The velocities at different 
concentrations were not the same for a given value of shear 
stress at the wall. There was a definite trend: higher con-
centrations corresponded to higher velocities, even for the 
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dilute solutions. The slope of log n1 · 206P/4L versus log V 
is different for each of the tubes, but when all the data for 
a given system are shown together, this superposition tends to 
give the appearance of being a single line. Table 1 shows the 
results of least squares analyses of the data for the individ-
ual tubes and for all the tubes. In most cases, the repre-
sentation of the data with a straight line was within the 95 
per cent confidence level. The PIB L-200 in toluene had 
three tubes where the data were fitted best by a second degree 
equation, and the PMMA-G had one tube with the same character-
istic. However, when all the data were considered, the 
straight line gave the best fit for all the systems, and the 
slope of the line was usually about 1.4, as can be seen from 
Table 1. For the PIB L-200 in cyclohexane, the degradation 
effect is clear from Figure 18. Only the fresh solution was 
considered in Table 1. 
The data for each individual tube have different slopes. 
If a given'tube shows little drag reduction, the pressure drops 
Dl.206P 
are close to that of a non-drag reducing fluid; so the 4L 
log V should have a value close to 1.80. From Equation (24) 
it can be seen that the greater the amount of drag reduction, 
the more the slope of the line should depart from 1.80. This 
is observed in the data, where the slopes increase from the 
0.033 to the 0.063 tube, but the trend is reversed with the 
0.5 tube. It would be necessary to go to higher flow rates 
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The maximum per cent deviation in pressure drops that 
were obtained with this type of relationship are shown in 
Table 1, for the different systems. Error as large as 20 per 
cent would not be uncommon. This type of correlation provides 
only rough approximations, but it does appear to bring all the 
data for a given system together. It applies only for drag 
ratios of 0.90 or less. Data points with drag ratios above 
0.90 would approach the turbulent line, and the data for each 
tube would depart from the correlation at a different point. 
Up to this point, the first two conditions for a correla-
tion have been satisfied for these data, but the correlation 
is not generally applicable to the data for different polymer 
systems. It might be possible to bring the data for all polymer 
systems together in an empirical manner, but it is believed 
that this would have no value. Probably, such a relationship 
would not hold for a different system. 
The limitations of this correlation are not known. If 
the range of viscosities of the solutions used in this work 
had been greater, the data probably would not have behaved in 
this viscosity independent manner. The relative viscosities of 
all the solutions used here were less than 4.0. The major 
advantage of this relationship is that it does not require the 
use of interpolation procedures. 
It is possible to analyze why the different dimensionless 
correlations failed. Apparently, the basic problem comes from 
the definition and manner of calculating the groups used in 
the correlations. The Reynolds Number is a fundamental 
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dimensionless group that is important in many of the relations 
of fluid dynamics, but it is not known if this is also true 
for turbulent flow of elastic fluids. 
From the point of view of obtaining a correlation; S is 
the most significant friction factor group, but apparently, 
it is so complex that it can not be correlated. The other 
friction factor groups behaved even worse. Also, the group ~ 
is a ratio of two approximations: the relaxation time, and 
the characteristic flow time. 
There is also an unknown parameter that was not taken 
into account: the amount of degradation of the polymer in 
solution, which affects both the molecular weight and the 
solution viscosity. The PIB L-80 and PMMA-G solutions were 
more resistant to degradation than the PIB L-200 solutions, 
and the cyclohexane PIB L-200 solutions were more resistant 
than the toluene solutions. There is some data for the amount 
of degradation in these solutions (7), but the experiments 
were not designed to consider degradation. Therefore, it was 
not possible to consider degradation in these correlations. 
B. Use of D/V as Characteristic Flow Time. 
The first approach to correlating friction reduction in 
terms of dimensionless groups was unsuccessm~, but it indicated 
the importance of velocity in this type of correlation. As 
shown in the second and third types of correlations previously 
discussed, the use of velocity as a parameter, or as a variable 
permitted the data to be correlated. A similar result could 
have been obtained with the first relationship. This velocity 
effect appea~s to be related to Patterson's observation of 
the effect of velocity on the turbulent energy dissipation 
spectra in polymer solutions. 
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In this oew approach to the problem, the same three fric-
tion factor groups were used, together with NRe' , and~· , 
defined as (V/D) ~' . Different combinations of the friction 
factor groups were tried, but only the correlation which re-
lated f/fpv to ~· was successful, after taking into account 
the diameter effect that existed. 
This diameter effect can be attributed to the use of 
diameter as the characteristic length. A macroscale, which 
is related to the average size of the eddies, might have been 
used, but this information was not available, and the micro-
scale is not a convenient length to use for engineering data. 
To fit the data to simple curves, it was necessary to 
include an additional Dq term in m'. The constant q was 
found to be 0.75 for the PIB L-80 system, and 0.80 for the 
other systems. Figures 19 and 20 show the results for the 
PMMA-G and the PIB L-200 in toluene. The PIB data are fit 
fairly well by these variables. The PMMA data are not fit as 
well. The scatter in the lower portion of the PMMA curve can 
not be attributed to a diameter effect; it is a concentration 
effect. Neve~theless, this correlation handles concentration 
effects bette~ than any of the others attempted. The scatter 
may be due to oncertainties in the concentration of the 
solutions whi~~ were used in evaluating ~ 
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by a n°·75 term in~·. This is shown in Figure 19. This is 
a small difference in the exponent, but for these solutions 
it improves the correlation. The data for PIB L-200 in cycle-
hexane are shown in Figure 20. The data are very poor, but 
in general the system appears to follow the same trends as 
the other systems., 
This relationship does not correlate data for all polymer-
solvent systems. Figure 21 shows the data for the different 
solutions on the same graph. The curves have similar shapes, 
and they appear to approach asymptotically some value of 
f/f which is in the range of 0.40. This asymptote would pv 
indicate a limit to "turbulence suppression" and would corres-
pond to a line parallel to the von Karman equation, in a 
friction factor-Reynolds Number chart. 
The family of curves that are obtained indicate that 
there is some parameter missing in the correlation. Two 
parameters can be considered: molecular weight and intrinsic 
viscosity. Since PIB L-200 gives different curves in toluene 
and in cyclohexane, molecular weight cannot be the parameter. 
If the intrinsic viscosities of the solutions are consid-
ered, it can be seen that the intrinsic viscosity increases 
in the same direction as the abscissas of the family of curves. 
A shift factor as a function of intrinsic viscosity was used 
and the results are shown in Figure 22. The shift factor, 
e- 0 ·5 lTJ) , was determined empirically. The abscissa for the 
PIB L-80 is slightly different (n°· 25, as compared to n°· 20 
for the other solutions). 
I I i. i 
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The family of curves shown in Figure 21 approach the 
horizontal line f/f = 1.0, which corresponds to zero "turbu-pv 
lence suppression". Figure 19 also shows data for a low 
molecular weight polystyrene in toluene which showed no 
"turbulence suppressiontt . The data lie to the left of the 
PMMA-G data, in the region of no "turbulence suppression" and 
provide a satisfactory test of the validity of this correlation 
in this region. 
It appears that by taking into account the intrinsic 
viscosity of the system, all of the data can be brought close 
together in a narrow band. The deviation on either side of 
a line drawn through this band would be, for most of the cases 
:!- 5 °/o "turbulence suppressionn. That is, a predicted value 
of 65 per cent would correspond to 70 per cent and 60 per cent 
as extreme values. The less reliable PIB L-200 in cyclohexane 
data show large deviations. 
The limitations of this correlation are not known. The 
shift factor chosen fit these data well, but may not be appli-
cable to other systems. Again, it must be mentioned that 
degradation of the polymer was not taken into account. 
It is not possible to say that this is the general corre-
lation that was sought, but the trends in the data indicate 
that this may be the right approach. Additional work with 




The effect of molecular configuration and molecular 
weight observed for the data agree with Hershey's conclusions. 
The low molecular weight PMMA V-100 showed no drag reduction, 
while the higher molecular weight PMMA-G, showed considerable 
drag reduction. The high molecular weight PIB L-200 in 
cyclohexane showed more drag reduction than the low molecular 
weight PIB L-80. PIB L-200 in cyclohexane (a good solvent) 
showed more drag reduction than PIB L-200 in toluene (not as 
good a solvent). 
The two approaches used for correlating the data were 
not equally successful. The Deborah Number, m = ~w ~ 
~ 
did 
not correlate the data for different concentrations of the 
polymer solvent systems studied. The De~~~ah Number, m' = ~ r, 
showed a diameter effect, but could be modified to correlate 
data for different concentrations of the polymer-solvent sys-
terns. 
The relationships observed with S versus log NRe' with 
~ as parameter, and S versus ~with V as parameter varied with 
polymer concentration. However, for solutions of fixed con-
centration for which there is some experimental data in the 
region of interest, friction factors can be interpolated and 
extrapolated not far from the experimental region. These rela-
tionships are not very useful because they require experimental 
data to set up the interpolation curves. 
A relationship between log n°· 20 ~w and log V was observed 
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to correlate data for each polymer-solvent system, but it is 
believed that this is due to the narrow range of viscosities 
used in this work. 
The relationship between f/f and Dq ~· is the best of pv 
all obtained. It gives a unique curve far each polymer-solvent 
system independent of concentration effects for the systems 
studied. The trend observed for the different systems indicate 
that the data can be correlated using some parameter. A 
shift factor in terms of intrinsic viscosity, e-0.5 (~ 1 was 
successful in correlating the data for all systems studied. 
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VII. RECOMMENDATIONS 
It is recommended that the amount of degradation, its 
effects on molecular weight, and on drag reduction be studied 
in future experiments, and the results be used to incorporate 
degradation effects into the relationships presented in this 
work. 
It is recommended that solutions which are more non-
Newtonian be studied in order to observe how they fit the 
relationship between f/f and (V/D 0.2) pv 
It is recommended that solutions with a wide range of 
viscosities and more non-Newtonian solutions be studied to 
determine whether the relationship between n1 · 20 P/4L and V 
still holds under these conditions. 
It is recommended that other polymer-solvent systems be 
studied and the data used to check the validity of the 
empirical shift factor e-0.5 l~1 . 
It is recommended that relaxation times be predicted 
from actual normal stress and viscosity data (24), or measured 
directly rather than calculating them using the Zimm theory 




Most of the calculations for this investigation were 
performed on an IBM 1620 computer. Someof the programs used 
were written by Dr. H. C. Hershey and modified by the author. 
Calculations for correcting entrance effects in the capillary 
viscometer were made using the correction factors determined 
by Green (16). All pressure readings reported in the data 
tables have already been corrected. The regression analysis 
of the data was performed using a program written by Hershey. 
A brief description of the calculations follows. Two 
particular points will be used to illustrate the calculations. 
The raw data is tabulated in Appendix II. Physical dimensions 
of the tubes, as well as density, viscosity, molecular weight 
of the polymers, calculated relaxation times, and the data 
from the rheological characterization of the solutions are 
given in Appendix III. 
A. Newtonian Fluids. 
For a measurement in the 0.0462 tube using 0.05 per cent 
PIB L-80 in cyclohexane, the following experimental values 
were obtained: 
Flow Rate: 513 mls/min 
Pressure Drop: 21.751 psi/ft ( corrected ) 
Fluid Temperature: 
!.Velocity. 









= ~< 5 __ 1-=--3 )'-o,;(t.-..1~/6_0-L..) ~< 1~/~30..:._:•__;,4___.8 )~3 __ 
rr ( 0.0462 )2 = 25.88 ft/sec __________ _...--- --~- -- -- -- . 
1j: 12 
2. Solvent Reynolds Number 
= Dvp = 
11o 
(ft)(ft/sec)(lb-m/ft3 ) 
(lb-m ) ft sec 
= 
(0.0462/12)(25.88)(48.2) 
(0.8892 0.000672) = 8075.1 
3. Solution Reynolds Number 





(0.0462/121(25.88~(48.2) (0.998 0.000 72) =7194.1 
4. Shear Stress at the Wall. 
/Y D6P (lb-f/in2 ){ft)(in/ft) 2 (g/lb-m) lw = lfL = 
( lb-f sec 2 ) {ft/cm)(cm/in) 2 lb-m ft 
= 1431.81 dynes/cm2 = 1431.81 gm/cm sec 2 
5· Shear Rate at the Wall {Laminar region). 
= 8V/D = {ft/sec2 (ft) 
~8)d2~.88) 53727.2 -1 = sec 0.4 2/12) 
6. Friction Factor 
f _ D~PtjL = (dynes/cm2 ) 
- p V 2 ...,.(...lo..g/..:.,.ct...,;,;.m~3 ) '-r( f.,.,..t_/+s-e-c )~2:=r-:(.,.-c_m_,/..,...ft::--"1)~2 
(1431.812{2) - 8 
= CU-773)(25.8S)2(3o.48)2- o.00593 
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7. Predicted Friction Factor. 
Using von Karman's equation ( Eq. ( )), with Newton's 
iteration procedures, the friction factor~ f , can be calcu-pv 
lated: 
f = 0.008446 pv 




9. Relaxation Time 
M l)S- '!)0 
V CT)O '~a 
= (g/g-mo1e)(1/g/dl)(cm3 /dl)(g/cm-sec) =sec 
°K (g cm2 /sec 2 )/(g-mole 0~) v 
= (8.6xl05)(0.9981-0.8892)/(0.05)(0.79707))(100) 
(0.586)(298)(8.5xl0 4 )(980)(4.04) 
= 1/25100 sec 
10. Deborah Number, ~ 
II! = /w t: ,.. ( dynes/cm2 ~ (sec) f 1 (g/cm sec 
= f6;66gg§t)(25,100) = 5•71 
11. n1 · 20 P/4L group. 
= 
= (dynes/cm1 · 80) 
(0.0462 2.54) 0 · 20 (1431.81) = 
4 I 1.80 = 9 0 dynes em 
12. Dimensionless Group S. 
(fpv - f) 






13. Friction Factnr Ratio. 
{0.005938} F.F.R. = (0.008446) = 0.704 
14. Deborah Number, ~~. 




= ~25.88)(1/25100) - 0 2675 0.04625/12 - . 
15. Correlation Group V '/; 1 n°· 25 
= 4.17 
B. Non-Newtonian Fluid. 
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For a measurement in the 0.03~25; tube_, using 0.42 per 
cent PIB L-200 in toluene_, the following experimental values 
were obtained: 
Flow Rate: 354 mls/min 
Pressure drop: 91.99 psi/ft (corrected) 
Fluid Temperature: 
n' = 0.94 
Kv = 0.027 g/cm sec1 · 06 
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Only the calculations that illustrate the non-Newtonian 
behavior will be shown. 
1. Generalized Reynolds Number: 
I 2 I Dn v -n p 
= K'sn'-1 
n' 
= (em) (cm/sec) 2 (g/cm3 ) 
n 1 2 n* (em/sec) (g/cm-sec - ) 
= (0.0325x2.54) 0 ·94 (36.0861·06 (0.88135) = 
(0.027)(8.0)-0. 6 
2. Apparent Viscosity. 
D6P 
4L 
Y1a = 3n 1+l 8V 
4n 1 D 
= (dynes/cm2 ) 
(1/sec) 
(981.4) 
= g/cm sec 
0.0169 g/cm sec 
5572.3 
All values of T1a come close to 0.0170, so this was used for 
calculations. 
3· Predicted Friction Factor. 
Using Equation ( 1 ) with n 1 equal to 0.94, and using 
Newton's iterative procedure, 
f = 0.00866 pv 
4. Relaxation Time. 
Although the Zimm theory does not apply to non-Newtonian 
fluids, Equation (19) was used with ~a instead of solution 
viscosity. 
All other calculations are the same as those for a New-
tonian solution. 
APPE.NDJ~ II. 
TABLE 2 • CAPILLARY DATA FOR RHEOLOGICAL CHARACTERIZATION 
0.05 PER CENT PIB L-200 IN TOLUENE 
TUBE MLS/MIN TEMP PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 BV/0 F F/FPV 
.10326_ 161.00 30.0 .260 1.69 2234.5 1753.4 9.63 1571.3 .oo 847 .928 
• 10 326 152.00 30.1 .233 1.54 2033.5 1595.7 8.64 1430.2 .00917 • 915 
.10326 135.50 30.0 .205 1. 3 7 1813.0 1422.6 7.59 1274.9 .01015 .903 
• 10 326 104.20 30.1 .154 1.05 1394.0 1093.9 5. 71 980.4 • 012 92 .883 
.10326 86.00 30.0 .130 .87 1150.7 902.9 4.82 809.2 .o 1599 .902 
• 10 326 69.10 29.9 .104 • 70 924.7 725.6 3.84 650.2 • 019 71 • 894 
.10326 51.10 30.0 .o 79 .52 683.7 536.5 2.92 480.8 .02747 .921 
• 10 326 32.73 30.0 .053 • 33 43 7.9 343.6 1.98 308.0 .04536 • 974 
.04625 50.30 30.0 .935 2.54 1502.7 1179.2 30.78 5268.0 .o 120 1 .885 
.04625 38.95 30.0 • 744 1.97 1163.6 913.1 24.48 4079.3 • 015 93 • 909 
.04625 27.00 29.9 .509 1.36 806.7 633.0 16.75 2827.8 .02268 .897 
.04625 21.90 30.0 • 2 71 1.10 654.3 513.4 8.91 2293.6 .01835 • 589 
.06290 87.00 30.0 .502 2.37 1910.9 1499.5 22.47 3621.1 .o 100 3 .940 
.06290 68.00 30.0 .399 1.85 1493.6 1172.0 17.87 28 30.3 .01306 • 957 
.06290 51.00 30.1 .292 1.39 1120.1 878.9 13.09 2122.7 .o 170 1 .934 
.06290 33.35 30.0 .191 • 91 732.5 5 74.8 8.54 1388.1 .02594 • 932 
0.10 PER CENT PIB L-200 IN TOLUENE 
TUBE MLS/MIN TEMP PSilFT FT /SEC NRE-S NRE-G DYNES/CM2 8V/D F F/FPV 
.06290 85 .so 30.2 .588 2.34 1884.1 13 74.3 26.32 3571.1 .o 120 9 1.038 
.06290 68.10 30.0 .463 1.86 1495.8 1091.1 20.73 2834.4 .01511 1. 030 
.06290 57.80 30.0 .387 1.58 1269.5 926.0 17.34 240 s. 7 .o 1754 1.015 
.06290 39.50 30.0 • 2 70 1.08 86 7.6 632.8 12.10 1644.0 .02621 1. 037 
.04625 39.80 30.1 .781 2.01 1188.9 86 7. 2 25.71 4168.4 .o 160 3 .869 
.04625 26.85 30.0 .611 1.35 802.1 585.1 20. 11 2812.1 .02755 1.007 
.04625 14.50 30.0 .340 .73 433.2 316.0 11.20 1518.6 .05258 1.038 
.04625 53.30 30.0 1.162 2.69 1592.3 1161.5 38.24 5582.2 .01329 • 965 
\0 
~ 
TABLE 2 • CAPILLARY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
TUBE MLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 8V/D 
.04625 112.00 30.0 2. 96 7 5.65 3346.0 2 440.7 97.65 11730.0 
.04625 . 65.80 30.1 1.461 3.32 1965.5 1433.7 48.07 6891.4 
• 10 326 135.50 30.0 .239 1.37 1813.0 1322.5 8.86 1274.9 
.10326 104.00 30.0 .180 1.05 1391.5 1015.0 6.69 978.5 
• 10 326 86.20 30.0 .152 .87 1153.4 841.3 5.65 811.0 
.10326 69.00 30.1 .122 • 70 923.1 673.4 4.51 649.2 
• 10 326 51.00 30.1 .092 • 52 682.3 497.7 3. 42 479.9 
.10326 33.30 30.0 .062 .34 445.6 325.0 2.29 313.3 
• 10 326 167.00 30.0 • 300 1.69 2234.5 1629.9 11.11 1571.3 
0.42 PER CENT PIB L-200 IN TOLUENE 
TUBE MLS/MIN TEMP PSI/FT FT IS EC NRE-S NRE-G DYNES/CM2 8V/D 
.06290 182.50 30.2 2. 729 4.98 4007.6 1309.1 122.17 7595.9 
.06290 168.00 30.1 2.494 4.58 3689.6 1199.3 111.63 6992.4 
.06290 143.80 30.0 2.135 3.92 3158.5 1017. 1 95.58 5985.2 
.06290 119.50 30.1 1.786 3.26 2624.4 835.8 79.93 4973.8 
.06290 86.30 29.9 1.346 2.35 1895.7 592.0 60.26 3 591.9 
.06290 69. 10 30.0 1.089 1.88 1517.7 467.7 48.75 2876.0 
.06290 52.00 30. 1 .835 1.42 1142.0 346.0 37.36 2164.3 
• 06 290 30.55 29.9 .568 .83 6 71 .1 196.9 25.41 1271.5 
.04625 116.00 30.0 s. 3 75 5.85 3465.5 1164.4 176.90 12149.0 
.04625 109. 30 30.2 5 .o 72 5.51 32 64.6 1093.0 166.94 11447.3 
.04625 92.30 30. 1 4.383 4.66 2 75 7. 1 913.8 144.25 9666.8 
.04625 76.00 29.9 3.681 3.83 22 70.7 743.8 121.16 7959.7 
.04625 51.00 30. 1 2. 575 2.57 1523.4 487.2 84.75 5341.4 
.04625 38.97 29.9 2.064 1.97 1164.3 366.4 6 7.93 4081.4 
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TABLE 2 • CAPILLARY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
TUBE MLS/MIN TEMp PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 8V/D 
.04625 14.50 30. 1 .846 • 73 433.1 128.5 27.86 1518.6 
• 10 326 169.50 30.0 • 725 1. 72 2267.9 674.6 26.89 1594.8 
.10326 153.50 29.9 .662 1.55 2054.1 607.4 24.52 1444.3 
• 10326 136 .. 20 30.1 .588 1.38 1822.2 534.9 21.81 1281.5 
.10326 104.30 30. 1 .452 1.06 1395.4 403.1 16.77 981.4 
• 10 326 86.90 30 .o .385 .88 1162.7 332.3 14.27 817.6 
.10326 69.10 29.9 .309 • 70 924.7 260.6 11.45 650.2 
• 10 326 52.50 30.1 .233 • 53 702.4 194.7 8.65 494.0 
.10326 34.75 30.0 .155 .35 465.0 125.8 5.75 327 .o 
0.05 PER CENT PIB L-200 IN CYCLOHEXANE 
TUBE . MLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 8V/D 
• 06 290 178.00 24.9 1. 740 4.85 2060.5 1565.9 77.90 7408.6 
.06290 162.50 25.0 1.590 4.43 1880.8 1429.4 71.17 6763.5 
.06290 141.50 25.0 1.389 3.86 1637.8 1244.7 62.20 5889.4 
.06290 118.00 24.9 1.137 3.22 1365.9 1038.1 50.90 4911.3 
.06290 86.00 25.0 • 820 2.35 995.4 756.5 36.70 3579.4 
.06290 68.00 24.9 .650 1.85 787.1 598.2 29.12 2830.3 
.06290 51.20 25.0 .484 1.40 592.6 450.4 21.68 2131.0 
.06290 33.00 25.0 .319 .90 381.9 290.3 14.27 1373.5 
.04625 114.00 25.0 3.620 5. 75 1794.7 1364.0 119.13 11939.5 
.04625 99.70 24.9 3.142 5.03 1569.7 1193.0 103.43 10441.8 
.04625 8 3.80 24.9 2.622 4.23 1319.4 1002.7 86.31 8776.6 
.04625 67.00 25.0 2.091 3.38 1054.8 801.6 68.84 7017.1 
.04625 54.20 25.1 1. 746 2. 73 853.2 648.4 57.48 5676.5 
.04625 39.40 25.0 1.285 1.99 620.3 4 71.4 42.28 4126.5 
.04625 26.30 25.0 .861 1.33 414.0 314.7 28.32 2754.5 
F 
.13084 





















• 0 21 36 
.o 297 2 





























TABLE 2 • CAPILLARY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
TUBE MLS/MlN TEMP PSI I FT FT/SEC NRE-S NRE-G DYNES/CM2 8V/D 
.04625 14.40 25.0 .490 • 73 226.7 172.3 16.14 1508.1 
.10326 180.50 25.0 .497 1.83 12 72.7 967.2 18.43 1698.3 
• 10 326 16 7. 50 25.0 .449 1. 70 1181.0 897.6 16.65 1576.0 
.10326 151.50 25.0 .403 1.53 1068.2 811.8 14.94 142 5. 5 
• 10 326 134.00 25.0 .359 1.36 944.8 718.0 13.29 1260.8 
.10326 119.50 25.0 .314 1.21 842.6 640.3 11.64 1124.4 
• 10 326 10 2 .oo 24.9 • 2 73 1.03 719.3 546.6 10.12 959.7 
.10326 85.20 25.0 .230 .86 600.7 456.5 8.51 801.6 
• 10 326 68.50 25.0 .183 .69 483.0 367.1 6.78 644.5 
.10326 51.00 24.9 .137 .52 359.6 2 73.3 5.06 479.9 
0.20 PER CENT PIB L-200 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 8V/D 
.06290 18 1. 20 24.9 2.843 4. 94 2097.5 847.8 127.26 7541.8 
.06290 165.20 24.9 2.587 4.51 1912.3 772.9 115.82 6875.9 
.06290 141.60 24.9 2.219 3.86 1639.1 662.5 99.34 5893.6 
.06290 116.50 24.9 1.845 3.18 1348.6 545.1 82.58 4848.9 
.06290 8't. 00 24.9 1.371 2.29 972.3 393.0 61.40 3496.2 
.06290 67.80 25.0 1.103 1.85 784.7 317.2 49.38 2821.9 
.04625 50.00 24.9 2.616 2.52 787.2 318.2 86. 10 5236.6 
.04625 31.95 25.0 1.802 1.61 503.0 203.3 59.29 3346.2 
.04625 15.25 25.0 .895 • 77 240.1 97.0 29.45 1597.2 
.04625 92.30 25.0 5.258 4.66 1453.1 587.3 173.06 9666.8 
.04625 114. 50 25.0 5. 759 5. 78 1802.5 728.6 189.56 11991.9 
.04625 82.30 24.9 4.305 4.15 1295.8 523.7 141.69 8619.5 
.04625 66.20 24.9 3.478 3.34 1042.3 421.3 114. 't6 6933.3 














• 0 158 5 
.01850 
.02272 






































TABLE 2 • CAPILLARY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
TUBE MLS/MIN TEMP PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 8V/D 
.10326 168.00 25.0 • 738 1. 70 1184.5 4 78 .a 27.36 1580.7 
• 10 326 151.80 25.0 .6 72 1.54 1070.3 432.6 24.92 1428.3 
.10326 134.50 25.0 .600 1.36 948.3 383.3 22.25 1265.5 
• 10 326 119.50 25.0 .531 1.21 842.6 340.5 19.66 1124.4 
.10326 102.40.- 25.0 .460 1.04 722 .o 291.8 17.04 963.5 
• 10326 86.00 25.1 .389 .87 606.3 245.1 14.43 809.2 
.10326 b9.00 25.1 .313 • 70 486.4 196.6 11.59 649.2 
0.40 PER CENT PIB L-200 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 8V/O 
.0462.5 66.00 2.5.0 6.102 3.33 1039.0 312.2 200.83 6912.3 
.04625 83.00 25.0 7.440 4.19 1306.6 406.2 244.87 869 2. 8 
.04625 100.00 24.9 8.645 5.05 15 74.5 503.1 284.53 10473.2 
.04625 114.00 24.9 9.765 5.15 1794.9 584.8 321.40 11939.5 
.04625 15.05 25.0 1.609 • 76 236.9 57.2 52.94 1576.2 
.04625 26.90 24.9 2.704 1.36 423.5 111.4 88.98 2817.3 
.04625 40.10 25.0 3.885 2.02 631.3 176.2 127.85 4199.8 
.04625 56.00 25.0 5.213 2.83 881.6 258.5 171.56 5865.0 
• 10 326 18 3. 00 25.1 1.697 1.85 1290.1 315.6 62.89 1721.8 
.10326 168.00 25.1 1.602 1.70 1184.4 286.1 59.39 1580.7 
• 10 326 154.00 25.1 1.466 1.56 1085.7 258.9 54.32 1449.0 
.10326 136.80 25.1 1.323 1.38 964.4 226.0 49.03 1287.-1 
• 10 326 120.00 2 5 .o 1.221 1.21 846.1 194.4 45.26 1129.1 
.10326 104.00 25.0 1.050 1.05 733.3 165.0 38.91 978.5 
• 10 326 8 5 .oo 24.9 • 906 • 86 599.4 130.9 33.57 799.8 
.10326 69.90 25.0 • 741 • 71 492.8 104.6 27.45 657.7 
• 06 290 40.75 25.0 1.340 1. 11 4 71.7 115.1 59.99 1696.1 
F 
.02 630 
• 029 33 
.o 3 33 5 
.03735 
.a 1t-40 8 
• 0 52 92 
.o 660 5 
F 




• 2 5510 
.13 419 
• 086 77 
.05970 
• 0 50 94 
.o 5 708 
• 06213 


































TABLE 2 • CAPILLARY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
TUBE MLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G DYNES/Ct-12 8V/D 
.06290 57.00 25.0 1.666 1.55 659.7 169.2 74.57 2372.4 
.06290 68.50 25.1 2.004 1.87 792.7 209.0 89.71 2851.1 
.06290 85.50 25.1 2.468 2.33 989.5 269.5 110.51 3558.6 
.06290 116.70 25.0 3.291 3.18 1350.7 385.2 147.34 4857.2 
.06290 141. 50 25.0 3.899 3.86 1631 .a 480.6 174.55 5889.4 
.06290 166.00 25.1 4.498 4.53 1921.1 5 77.2 201.34 6909.2 
.06290 181.50 25.1 4.832 4.95 2100.5 639.5 216.31 7554.3 
F 

















TABLE 3 • FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT 
0.95 PER CENT PMMA V-100 IN TOLUENE 
TUBE MLS/MIN TEMp PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 8V/D 
.06290 583.00 30.1 15.582 15.90 12803.5 697.56 24265.3 
.06290 508.00 30.1 14.211 13.85 11156.6 636.20 21143.7 
.06290 478.00 30.0 12.666 13.04 10498.9 567.00 19895.0 
• 06 290 444.60 30.0 11.397 12.13 9765.3 510.22 18504.9 
.06290 415.00 30. 1 10.009 11.32 9114.2 448.06 17272.9 
.06290 384.00 30.1 a. 753 10.47 8433.3 391.86 15982.6 
.06290 354.00 30. 1 7.506 9.65 7774.5 336.02 14734.0 
• 06 290 322.00 30.2 6.412 8.78 7071.0 287.06 1340 2. 1 
.06290 292.00 30.1 5.324 7.96 6412.9 238.35 12153.5 
• 06 290 260.00 30.1 4.330 7.09 5710.1 19 3. 84 10821.6 
.06290 228.00 29.9 3.434 6.22 5008.4 153.73 9489.7 
.06290 197.00 30.0 2.839 5.37 4326.9 127.09 8199.4 
.06290 166.00 30.0 1. 709 4.53 3646.1 76.52 6909.2 
.06290 135.00 30.0 19.22 7 3.68 2965.2 860.72 5618.9 
.06290 104.00 30.0 14.286 2.84 2284.3 639.54 4328.6 
.06290 68.70 30.0 9.800 1.87 1508.9 438.71 2859.4 
.04625 470.00 30. 1 51.256 23.71 14039.6 1686.98 49224.2 
F 
.oo 694 
• 008 33 
.oo 839 







• 00 999 
.01107 
.00938 








TABLE 3. FRICTION FACTOR DATA TAKEN 
TUBE t~ L S I M I N T E M p PSI/FT FT/SEC NRE-S 
.04625 4 52.00 30. 1 4 7. 499 22.81 13501.9 
.04625 424.00 29.8 43.059 21.39 12669.6 
.04625 'tOO. 00 30.0 38.950 20.18 11 9'• 9. 9 
.04625 376.00 30.0 33. 92 3 18.97 11232.9 
.04625 67.00 30.0 1.347 3.38 2 001.6 
.04625 100.00 30.0 2.055 5.05 2 98 7. 5 
.04625 127.50 29.9 4.492 6.43 3809.4 
.04625 155.00 30.0 6. 784 7.82 't630 .6 
.04625 187.00 30. 1 9. 745 9.43 5586.0 
.04625 212.00 30. 1 12.545 10.70 6332.8 
.04625 2't0 .oo 29.9 15.636 12. 11 71 70. 7 
.04625 269.00 30.0 18. 8 72 13.57 8036.3 
.04625 296.00 30.0 22.323 14.93 8842.9 
.04625 32 3. 00 30.0 2 5. 96 7 16.30 9649.5 
.04625 350.00 29.9 29.950 17.66 10457.3 
.03254 116.00 30.0 22.119 11. 82 492 5. 5 
• 0 32 54 93.50 30.0 14.512 9.53 3970.1 
.03254 136.00 30.0 29. 742 13.86 57 74.7 
.03254 74.00 30. 1 6.865 7.54 3141.8 
.03254 44.70 30.1 3. 85'• '+.56 1897.8 
.o 32 54 150.50 30.0 36.642 15. 31t 6390.4 
.03254 168.00 30.0 44. 80 8 17. 12 7133.5 
.o 325't 186.00 30.0 53.426 18.96 7897.8 
.03254 198.00 30.0 58.150 20.18 8407.3 
IN THE CAPILLARY UNIT (CONT) 
NRE-G OYNES/CM2 8V/D F 
1563.35 '+7339.1 • 00 75 6 
l't 17 • 20 44'•0 6. 6 .00778 
12Al.96 1+ 1 A 9 3. 0 • 00 791 
1116.52 39379.4 .00780 
I~ 1t • 3 2 7017.1 .00975 
6 7.64 10473.2 .00668 
1'• 7. 8 4 13353.'+ .oo 898 
223.29 16233.5 .00918 
320.74 19585.0 .00906 
412.89 22203.3 .00907 
51't.63 25135.8 .oo 882 
621.13 28173.0 .00848 
734.73 31000.8 .oo 828 
854.67 33828.6 .00809 
985.75 36656.4 .oo 794 
512.22 3't881.9 .00921 
336.05 28116.0 .00930 
688.73 't0896.0 .00901 
158.97 22252.2 .oo 70 2 
89.25 13441.5 • 0 10 81 
848.53 45256.2 .oo 90 6 
1037.62 50518.5 .00890 
1237.19 55931.2 .oo 865 





TABLE 3. FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT (CONT) 
o.o5 PER CENT PIB l-200 IN TOLUENE 
TUBE MLS/MIN TEMp PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 8V/D F F/FPV 
.06290 540.00 30.0 11.135 14.73 11860.7 9307.0 498.49 22475.6 .oo 578 .733 
.06290 516.00 30.0 10.349 14.07 11333.5 8893.4 463.31 21476.6 • 005 88 • 738 
.06290 480.00 30.0 9.609 13.09 10542.8 82 72.9 430. 16 19978.3 .oo 631 .776 
• 06 290 451.00 30 .o a. 889 12.30 9905.9 7773.1 397.91 18771.3 .00661 • 800 
.06290 415.00 30.2 8.099 11.32 9113.2 7151.1 362.55 17272.9 .oo 712 .841 
• 06290 388.00 30.0 7.336 10.58 8522.1 6687.3 328.41 16149.1 .00737 • 855 
.06290 353.00 30.0 6.524 9.63 7753.4 6084.0 292.04 14692.4 .oo 792 .895 
.06290 32 4. 00 30.0 5. 743 8.84 7116.4 5584.2 25 7. 08 13485.3 .00828 • 913 
.06290 292.00 30.0 4.933 7.96 6413.5 5032.7 220.82 12153.5 .oo 87 5 .937 
.06290 179. 50 30.1 2. 10 7 4.90 3942.2 3093.4 94.32 7471.0 .00989 • 917 
.06290 164.00 30.0 1.770 4.4 7 3602.1 2826.6 79.25 6825.9 .00996 .898 
.06290 1'tl.OO 29.9 1.286 3.85 3097.3 2 430.4 57 .s 7 5868.6 .00978 .842 
.06290 118.00 30.0 • 734 3.22 2591.8 2033.8 32.86 4911.3 .00797 1. 014 
.04625 510.00 30.0 2 7. 682 2 5. 73 15236.1 11955.7 911.12 53413.5 .00346 .469 
.. 
• 04625 lt-84. 00 30.0 26.468 24.42 144 59 • 1t 113 '•6. 2 871.14 50690.5 • 00 36 7 .491 
.04625 456.00 30.0 24.872 23.01 136~2.9 10689.8 818.60 47758.0 .00389 • 512 
.04625 426.00 30.0 23.219 21.49 12 72 6. 6 9986.5 764.20 44616.0 .oo 416 .538 
.04625 39 5 .oo 30.1 21.571 19.93 11799.2 9258.8 709.97 41369.3 .00449 .570 
.04625 365.00 30.0 19.8 74 18 • 1•2 l 090't. 3 8556.5 654.12 38227.3 .oo 48 5 .602 
.O't-625 332.00 30.0 18.0 73 16.75 9918.4 7782.9 594.85 34771.2 .00533 • 645 
.04625 308.00 30.0 16.267 15.54 92 01.4 72 20.3 535.41 32257.6 • 00 55 7 .660 
.04625 276.00 29.9 14.491 13.93 82lt6.3 6lt70.9 lt76.94 28906.2 .00618 • 711 
.·04625 250.00 30.0 12.651 12.61 7lt-68. 7 5860.6 ltl6.38 26183.1 .oo 658 .736 
• O't-625 215.00 30 .o 10. 82 9 10.85 61t2 3. 1 5 OLt-0 • 2 356.42 22517.5 .00761 .816 
.04625 186.00 30.1 8.881 9.38 5556.1 4359.9 292.30 19't80. 2 .oo 83 4 .857 
.04625 128.00 30. 1 6.952 6 ·'t6 3823.6 3000.3 228.80 1340 5. 8 .01379 1.266 
.Ott6 2 5 157.00 30.0 ft-. 6 3 1t 7.92 '~690. 3 3680.5 152.51 16443.0 .00611 .597 
.04625 117.30 30.1 't.l't2 5. 92 3503.9 2 7lt9. 5 13 6. 3 1+ 12285.1 .00979 .875 




























TABLE 3. FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT (CONT) 
HLS/HIN TEMp PSI/FT FT/SEC NRE-S NRE-G OYNES/CM2 8V/D F 
91.10 30.0 1. 832 4.60 2721.6 2135.6 60.29 9541.1 .oo 717 
75.00 30.0 1.408 3.78 2240.6 1 75 8. 2 46.35 78 54.9 .00814 
186.00 30.0 29.183 18.96 7897.8 6197.3 6 75.79 55931.2 .oo 473 
160.00 30 .o 24.425 16.31 6793.8 5331.0 565.60 48112.9 .00535 
134.00 30.0 20.480 13.66 5689.8 4464 .a 474.26 40294.5 .00639 
109.00 30.0 16.131 11. 11 4628.3 3631.8 373.54 32776.9 .00761 
84.00 30.0 11.395 8.56 3566.7 2798.8 263.88 25259.3 .00905 
60.80 30.0 4. 721 6.20 2581.6 2025.8 109. 32 18282.9 .00716 
203.50 30.0 32.018 20.74 8640.8 6780.4 741.43 61193.6 .oo 433 
230.00 30.0 37.129 2 3.44 9766.0 7663.4 859.80 69162.3 .00393 
276.00 30.0 46.434 28.13 11719.2 9196.1 1075.27 82994.7 .oo 342 
299.00 30.0 51.141 30.47 12695.8 9962.4 1184.28 89911.0 .00321 
315.00 30.0 55.552 32.11 133 75.2 10495.5 1286.42 94722.3 .oo 314 
253.00 30 .o 41.163 25.79 10742.6 8429.7 953.22 76078.5 • 00360 
0.10 PER CENT PIB L-200 IN TOLUENE 
MLS/MIN TEMP PSI/FT FT I SEC NRE-S NRE-G 0YNES/CM2 8V/O F 
5".00 30.1 11.166 14.84 1194 7. 2 8714.8 499.86 22642.0 .oo 571 
514.00 29.9 10. 38 7 14.02 11290.8 8235.9 465.00 21393.4 .00595 
480.00 30. 1 9.657 13.09 10541.7 7689.5 4 32.30 19978.3 .oo 634 
450.00 30.2 8.920 12.21 9881.8 7208.1 399. 33 18729.6 .00667 
416.00 30.0 8.151 11.35 9137.1 6664.9 364.91 17314.5 .oo 713 
316.00 30 .o 7.388 10.53 8478.2 6184.3 330. 76 16065.9 .00750 
354.00 30.0 6.614 9.65 7775.3 S671. 6 296.11 14734.0 .oo 799 
324.00 29.8 5. 845 8.84 7117.9 5192.1 261. 6B 13485.3 .00842 
294.00 30. 1 5.059 8.02 6456.8 4709.8 226.48 12236.7 .00886 






























TABLE 3. FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT (CONT) 
TUBE MLS/HIN TEMP PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 8V/D F F/FPV 
.06290 228.00 30.0 3.416 6.22 5007.8 3652.9 152.94 9489.7 .00994 .969 
.06290 179.50 30.0 2.138 4.90 3942.6 2875.9 95.71 7471.0 .o 1004 .910 
.06290 164.00 30.1 1. 723 4.47 3601.7 2627.2 77.13 6825.9 .00969 .854 
.06290 142.00 29.9 1.116 3.87 3119.3 22 75.3 49.98 5910.2 .00838 .705 
.06290 118.00 29.9 • 824 3.22 2592.1 1890.7 36.90 4911.3 • 00895 1.058 
.04625 518.00 30.0 26.967 26.14 15475.1 11288.1 887.57 54251.4 .oo 327 .436 
.04625 488.00 30.0 25.396 '24. 62 14578.9 10634.4 835.86 51109.4 .00347 .456 
.04625 460.00 30.0 23.917 23.21 13742.4 10024.2 787.19 48176.9 .00367 .476 
.04625 426.00 30.0 22.511 21.49 12726.6 9283.3 740.90 44616.0 .00403 • 511 
.04625 399.00 30.0 20.834 20.13 11920.0 8694.9 685.71 41788.2 .oo 425 .530 
.04625 371.00 30.0 19.156 18.72 11083.5 8084.7 630.47 38855.7 • 00452 • 553 
.04625 335.00 30.0 17.563 16.90 10008.0 7300.2 5 78.05 35085.4 .oo 509 .605 
.04625 309.00 30.0 15.921 15.59 9231.3 6 733.6 524.01 32362.3 .00542 .630 
.04625 276.00 30.0 14.258 13.93 8245.4 6014.5 469.27 28906.2 .00608 .685 
.04625 247.00 30.0 12.515 12.46 7379.1 5382.6 411.90 25868.9 .00667 • 728 
.04625 217.00 30.1 10.734 10.95 6482.1 4728.3 353.30 22726.9 .00741 .779 
.04625 187.00 29.9 8.888 9.43 5587.2 4075.5 292.52 19585.0 .00826 .832 
.04625 156.50 30.1 6.910 7.90 4674.9 3410.0 227.44 16390.6 .00917 .876 
.04625 97.80 30.0 2.349 4.93 2921.7 2131.2 77.32 10242.8 • 00798 • 658 
.04625 82.90 30.0 1.834 4.18 2476.6 1806.5 60.36 8682.3 .oo 867 .979 
.03254 198.00 30.1 30.156 20.18 8406.4 6131.9 698.32 59539.7 .00431 .488 
.03254 170.60 30.0 25.905 17.39 7243.9 52 83.9 s 99 .sa 51300.4 .oo 499 .542 
.03254 142.00 30.0 21.643 14.47 6029.5 4398.1 501.18 42700.2 .00601 • 619 
.03254 116.00 30.2 17.461 11.82 4924.4 3592.1 404.35 34881.9 .oo 727 .705 
.03254 95.00 30.1 10.145 9.68 4033.4 2942.1 234.93 28567.0 .00630 • 575 
.03254 66.00 30.0 6.219 6.73 2802.4 2044.2 144.02 19846.6 .oo 800 1.022 
.03254 226.50 30.0 35.925 23.09 9617.4 7015.3 831.91 68109.8 • 003 92 .461 
.o 3254 253.30 30.0 41.654 25.82 10755.4 7845.4 964.58 76168.7 .oo 364 .441 




TABLE 3. FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT (CONT) 
TUBE HLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 SV/0 F 
.03254 302.00 30 .o 52.533 30.78 12823.2 9353.7 1216.51 90813.1 .00323 
.03254 326.00 30.1 58.630 33.23 13840.8 10096.0 1357.70 98030.0 .oo 309 
.03254 344.00 30.1 65.90 7 35.06 14605.0 10653.4 1526.22 103442.7 .00312 
.03254 366.00 30.0 69.970 37.30 15540.7 11336.0 1620.30 110058.3 .oo 293 
.03Z54 374.00 30.2 73.617 38.12 15877.0 11581.3 1704.76 112463.9 .00295 
.10326 194.00 30.0 .349 1.96 2595.7 1893.4 12.93 1825.3 .oo 843 
• 10 326 152.00 30.0 .270 1.54 2033.8 1483.5 10.01 1430.2 • 010 63 
0.42 PER CENT PIB L-200 IN TOLUENE 
TUBE MLS/MIN TEMp PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 BVID F 
.06290 552.00 30.0 12.352 15.05 12124.2 4232.5 552.97 22975.0 .00613 
.06290 528.00 30.1 11.471 14.40 11595.9 4037.2 513.52 21976.1 .00623 
.06290 492.00 29.9 10.519 13.42 10807.6 3746.9 4 70.90 20477.7 .00657 
.06290 464.00 30 .o 9.622 12.65 10191.4 3520.8 430.75 19312.3 .00676 
.06290 429.00 30.0 8.589 11.70 9422.6 3240.0 384.50 17855.6 .oo 70 6 
.06290 398.00 30.0 7.424 10.85 8741.8 2992.4 332.37 l6565.3 .00709 
.06290 366.00 30.0 6.595 9.98 8038.9 2 738 .o 295.25 15233.4 .oo 745 
.06290 333.00 30.0 5.877 9.08 7314.1 2477.0 263.10 13859.9 .00802 
.06290 297.00 30.0 5.196 8.10 652 3. 4 2194.1 232.61 12361.6 .00891 
.06290 267.00 30.0 4.194 7.28 5864.4 1959.9 187.75 11112.9 • 008 90 
.06290 234.60 30.1 3.654 6.40 5152.2 1708.6 163.57 9764.4 .o 1004 
.06290 200.50 30.0 3.149 5.47 4403.8 1446.7 140.98 8345.1 • 01185 
.04625 534.00 30.0 35.811 26.94 15953.1 5874.4 1178.67 55927.1 .oo 408 
.04625 508.00 30.0 33.209 25.63 15176.4 5571.7 1093.02 53204.1 .00418 
.04625 480.00 30.0 29.236 24.22 14339.9 5246.7 962.23 50271.6 .00412 
.04625 450.00 29.9 26.62 9 22.70 13445.1 4900.3 8 76.43 47129.6 .00427 






























TABLE 3. FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT CCONT) 
TUBE HLS/MIN TEMp PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 SV/D F 
.04625 388.00 30.1 22.120 19.58 11590.1 4186.8 728.03 40636.2 .oo 47 8 
• 04625 360.00 29.9 19.907 18.16 10756.1 3868.1 655.21 37703.7 .00499 
.04625 330.00 30.0 17.85 7 16.65 9858.7 3526.9 587.74 34561.7 .oo 533 
.04625. 294.00 29.9 15.453 14.83 8784.1 3120.8 508.62 30791.3 • 005 81 
.04625 261.30 29.9 13.560 13.18 7807.1 2754.1 446.31 27366.6 .oo 645 
.04625 229.30 30.0 11.874 11.57 6850.3 2397.7 390.82 24015.2 .00734 
.04625 195.50 29.9 9.488 9.86 5841.1 2025.0 312.29 20475.2 .oo 80 7 
.03254 151.00 30.1 30.085 15.39 6410.9 2 331.4 696.67 45406.5 .00739 
.03254 123.00 29.9 22.468 12.54 5223.3 1876.2 520.29 36986.8 .oo 832 
.03254 94.00 30.0 17.358 9.58 3991.3 1410.8 401.97 28266.3 .01101 
.03254 62.00 29.9 12.032 6.32 2632.9 907.7 278.62 18643.7 .o 1754 
.03254 176.00 30.0 35.643 17.94 7473.1 2742.7 825.39 52924.2 .00645 
.03254 205.00 30.0 41.981 20.89 8704.5 3224.0 972.15 61644.6 .oo 560 
.03254 236.00 29.9 50.161 24.05 10021.9 3743.5 1161.58 70966.5 .00505 
.03254 266.00 30.0 60.259 27.11 11294.6 4249.3 1395.41 79987.7 .00477 
.03254 294.00 30.0 69.319 29.97 12483.5 4724.9 1605.22 88407.4 .00449 
.03254 316.00 30.0 78.314 32.21 13417.7 5100.5 1813.53 95023.0 .00439 
.03254 342.00 29.9 86.488 34.86 14523.2 5547.0 2002.81 102841.3 .00414 
.03254 354.00 30.1 91.989 36.08 1502 9. 6 5 752.3 2130.19 106449.8 .oo 411 
0.05 PER CENT PIS L-200 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G OYNES/CM2 8V/D F 
.06290 540.00 24.9 15.096 14.73 6250.8 4750.6 6 75.79 22475.6 .00866 
.06290 510.00 25.0 13.661 13.91 5902.9 4486.2 611.54 21226.9 .00878 
.06290 480.00 24.9 12.403 13.09 5556.3 4222.8 555.25 19978.3 .00900 
.06290 442.00 25.0 11.137 12.05 5115.8 3888.0 498.58 18 396.1 .00953 






























TABLE 3. FRICTION FACTOR DATA TAKEN IN THE 
TUBE MLS/MIN TEMP PSl/FT FT/SEC NRE-S NRE-G 
.06290 384.00 25.0 a. 714 10.47 4444.5 3377.8 
.06290 353.00 25.0 7.508 9.63 4085.7 3105.1 
.06290 328.00 25.0 6.348 a. 95 3796.4 2 885.2 
.06290 292.00 25.0 5.237 7.96 3379.7 2568.6 
.06290 260.00 25.0 4.050 7.09 3009.3 2287.1 
.06290 230.00 25.1 2.408 6.27 2661.8 2022.9 
.06290 198.00 25.0 1.998 5.40 22 91.7 1741.7 
.04625 413.00 25.0 3 7 .o 33 20.84 6501.8 4941.3 
.04625 398.00 25.0 35.395 20.08 6265.6 4761.9 
.04625 384.00 25.0 33.540 19.37 6045.2 4594.4 
.04625 370.00 25.0 30.508 18.67 5824.8 4426.9 
.04625 344.00 25.0 27.777 17.36 5415.5 4115.8 
.04625 319.00 25.0 24.340 16.09 5021.9 3816.7 
.04625 295.00 25.0 20.528 14.88 4644.1 3529.5 
.04625 266.00 25.0 18.264 13.42 4187.6 3182.6 
.04625 242.00 24.9 15.400 12.21 3810.2 2895.7 
.04625 215.00 25.0 12.597 10.85 3384.7 2572.4 
.04625 189.50 24.9 8.901 9.56 2983.6 2267.5 
.04625 162.00 24.9 5.502 8.17 2550.6 1938.5 
.03254 146.00 25.0 30.2 93 14.88 3266.8 2482.8 
.03254 138.00 25.0 20.601 14.07 3087.8 2346.7 
.03254 116.00 25.0 15.729 11.82 2595.5 1972.6 
.03254 135.00 25.0 19.92 5 13.76 3020.7 2295.7 
.03254 146.00 25.0 29.427 14.88 3266.8 2482.8 
.03254 97.00 25.0 12.788 9.89 2170.4 1649.5 
.03254 74.50 24.9 9.836 7.59 1667.1 1267.0 
.03254 153.00 25.0 35.730 15.59 3423.4 2601.8 
.03254 166.00 25.0 42.006 16.92 3 714.3 2822.9 
.03254 187.00 25.0 49.103 19.06 4184.2 3180.0 
CAPILLARY UNIT (CONT) 
DYNES/CM2 8V/D F 
390.11 15982.6 .00988 
336.12 14692.4 .o 1008 
284.16 13651.8 .00987 
234.44 12153.5 .o 1027 
181.29 10821.6 .01002 
107.82 9572.9 .00761 
89.43 8241.0 .00852 
1218.88 43254.5 .oo 780 
1164.96 41683.5 .00803 
1103.92 40217.3 .oo 817 
1004.10 38751.0 .00800 
914.24 36028.0 .oo 843 
801.12 33409.6 .00859 
6 75.66 30896.1 .00847 
601.12 27858.8 .00927 
506.86 25345.3 .00944 
414.60 22517.5 .00979 
292.96 19846.8 .00890 
181.08 16966.7 .00753 
701.49 43903.0 .oo 880 
477.05 41497.4 • 006 70 
364.23 34881.9 .oo 724 
461.41 40595.3 .00677 
681.44 43903.0 .oo 855 
296.14 29168.4 .00842 
227.76 22402.6 .01097 
827.41 46008.0 .00945 
972.72 49917.1 .00944 


































TABLE 3. FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT (CONT) 
0.20 PER CENT PIS l-200 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 BV/0 F F/FPV 
.06291l 548"~00 25.0 12.362 14.95 6342.7 2563.6 553.39 22808.5 .oo 688 .602 
.06290 518.00 24.9 11.210 14.13 5996.1 2423.5 501.83 21559.9 • 00698 .600 
.06290 490.00 25.1 10 .o 15 13.36 5670.7 2292.0 ~ 448.32 20394.5 .oo 698 .589 
.06290 456.00 24.9 9.126 12.44 52 78.5 2133.5 408.56 18979.4 .00734 • 605 
.06290 420.00 -24.9 7.367 11.45 5139.1 2077.1 329.78 17481.0 .00661 .858 
.06290 390.00 25.0 6.817 10.64 4514.0 1824.5 305.20 16232.4 .00749 • 855 
.06290 358.00 24.9 6.181 9.76 4144.1 i6 75 .o 276.69 14900.5 .00806 .844 
.06290 326.00 24.9 5.575 8.89 3 773.6 1525.2 "249.59 13568.6 .00877 .836 
.06290 295.00 25.0 4.987 8.05 3414.4 1380.0 ·223.25 12278.3 .00958 .826 
.06290 263.00 25.0 4.406 7.17 3044.0 1230.3 197.26 10946.4 • 010 65 • 819 
.06290 230 .oo 25.0 3.871 6.27 2662.1 10 76 .o 173.29 9572.9 .o 1224 .823 
.06290 200.00 25.0 3. 326 5.45 2314.8 935.6 148.92 8324.3 .01391 • 813 
.04625 470.00 24.9 29.438 23.71 7399.9 2990.9 968.90 49224.2 .oo 479 .439 
.04625 440.00 24.9 2 7. 33 7 22.20 692 7.6 2800.0 899.76 46082.3 .00507 .456 
.04625 410.00 24.9 24.686 20.69 6455.3 2609.1 812.50 42940.3 .oo 527 .464 
.04625 380.00 24.9 21.816 19.17 5982.9 2418.2 718.04 39798.3 .00543 .466 
.04625 346.00 24.9 19.933 17.46 544 7. 6 2201.8 656.07 36237.4 .00598 .498 
.04625 318.00 24.9 16.22 5 16.04 5006.8 2023.6 534.03 33304.9 .005 76 • 729 
.04625 286.40 24.9 14.680 14.45 4509.2 1822.6 483.16 29995.4 .oo 643 .732 
.04625 254.00 24.9 13.186 12.82 3999.1 1616.4 433.99 26602.0 .00734 • 742 
.04625 224.00 24.9 11.630 11.30 3526.8 1425.5 382.78 23460.1 .00832 .742 
• 04625 193.00 24.9 10.073 9. 74 3038.7 1228.2 331.53 20213.4 • 009 71 .746 
.04625 162.00 24.9 8.519 8.17 2550.6 1030.9 280.38 16966.7 .o 1166 .751 
.04625 494.00 24.9 33. 756 24.92 7777.8 3143.6 1111.03 51737.8 • 00497 .463 
.04625 530.00 24.9 37.266 26.74 8344.6 3372.7 1226.56 55508.2 .00476 .453 
.06290 so.oo 25.0 • 829 1.36 5 78.7 233.9 37.13 2081.1 .05548 • 811 
.06290 33.00 25.0 • 557 .90 381.9 154.4 24.92 1373.5 .oa 548 .825 
.03254 155.00 25.2 30.175 15.80 346 7.4 1401.4 698.78 46609.4 .00778 • 681 
.03254 133.00 25.0 29.618 13.56 2 975.9 1202.8 6 85.8 7 39993.8 .01037 .780 f-J 
0 
00 
TABLE 3. FRICTION FACTOR DATA TAKEN IN THE CAPILLARY UNIT (CONT) 
TUBE MLS/MIN TEMp PSI/FT FT /SEC NRE-S NRE-G DYNES/CM2 8V/O F 
.03254 106.00 24.9 20.363 10.80 2372.0 958.7 4 71.5 5 31874.8 .01122 
.03254 75.80 25.0 15.197 7.73 1696.0 685.5 351.91 22793.5 .01638 
.03254 180.50 24.9 36.683 18.40 4039.2 1632.6 849.47 54277.4 .00697 
.03254 20.8.00 24.9 42.431 21.20 4654.6 1881.3 982.58 62546.8 .00607 
.o 3254 235.50 24.9' 51.492 24.00 5270.0 2130.0 1192.40 70816.2 .oo 575 
.03254 260.00 24.9 57.833 26.50 5818.2 2 351.6 1339.25 78183.5 .00530 
.03254 284.00 24.9 64.125 28.95 6355.3 2568.7 1484.95 85400.4 .00492 
.03254 312.00 25.0 70.721 31.80 6981.1 2821.6 1637.68 93820.1 • 00450 
.03254 338.00 25.0 76.804 34.45 7562.8 3056.8 1778.56 101638.5 .00416 
0.40 PER CENT PIB L-200 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC NRE-S NRE-G DYNES/CM2 8V/D F 
.06290 558.00 25.2 17.036 15.22 6456.9 2321.5 762.64 23224.7 .00915 
.06290 528.00 25.0 15.955 14.40 6111.2 2179.2 714.27 21976.1 .00957 
.06290 489.00 25.0 13. 82 6 13.34 5659.8 1995.5 618.93 20352.9 .00967 
.06290 460.00 24.9 12.830 12.55 5324.8 1860.5 574.37 19145.8 .o 1014 
.06290 426.00 25.0 11.92 5 11.62 4930.6 1703.3 533.86 17730.7 .01099 
.06290 396.00 25.0 10.964 10.80 4583.4 1566.3 490.84 16482.1 .o 1169 
.06290 363.00 25.0 10.085 9.90 4201.4 1417.4 451.46 15108.6 • 012 80 
.06290 332.00 25.0 9.234 9.05 3842.6 1279.4 413.38 13818.3 .o 1401 
.06290 299.00 24.9 8.436 8.15 3461.1 1134.6 377.63 12444.8 .01578 
.06290 264.00 24.9 7.599 7.20 3055.9 983.5 340.17 10988.1 .o 182 3 
.06290 230 .oo 25.0 6. 74 7 6.27 2662.1 839.4 302.04 9572.9 • 02133 
.04625 319.00 25.0 29.309 16.09 5021.9 1905.4 964.64 33409.6 .01035 
.04625 292.00 25.1 25.121 14.73 4596.4. 1721.2 826.82 30581.9 • 010 58 
.04625 257.00 25.1 22.345 12.97 4045.4 1486.5 735.43 26916.2 .o 1215 






























TABLE 3. FRICTION FACTOR DATA TAKEN IN THE 
TUBE MLS/MIN TEMP PSl/FT FT/SEC NRE-S NRE-G 
.04625 193.50 25.0 17.230 9. 76 3046.2 1073.3 
.04625 162.00 25.0 14.719 8.17 2550.3 875.3 
.04625 350.00 25.0 35.372 17.66 5510.0 2119.4 
.04625 382.00 25.1 39.061 19.27 6013.0 2343.1 
.04625 408.00 25.1 43.788 20.59 6422.3 2527.0 
.04&2.5 442.00 2.5.1 41.404 '22.'30 &qs;.s 2110.'3 
.04625 466.00 25.1 51.114 23.51 7335.3 2943.6 
.o 3254 88 .oo 25.1 30.222 8.97 1968.8 721.6 
.032.54 58.00 '25.2 21.3&4 s.q1 12q1.5 441.1 
.o 3254 116 .oo 24.9 40.424 11.82 2595.8 991.2 
.03254 143.50 25.0 48.588 14.63 3210.8 1265.2 
.03254 112.00 25.0 51.034 11.53 3848.5 1551.1 
.03254 200.00 25.1 66.815 20.38 44 74.5 1852.0 
.03254 225.00 25.1 19.255 22.93 5033.8 2120.1 
.03254 253.00 2.5.1 ss.szq 25.7q 5660.3 2425.7 
.03254 277.00 25.1 98.839 28.23 6 I 97.2 269 I. 7 
CAPILLARY UNIT {CONT) 
OYNES/CM2 8V/O F 
567.08 20265.7 .01653 
484.46 16966.7 .02015 
1164.20 36656.4 • 010 37 
1285.62 40007.8 .00962 
1441.20 42730.8 .00945 
1560.21 462q1.1 .00812 
1682.34 48805.3 .00846 
6 99.8 5 26462.1 .02417 
4<34.13 11440.<;} .03<;}34 
936.09 34881.9 .o 1860 
1125.15 43151.3 .01461 
1320.15 51121.4 .o 1194 
1547.23 60141.1 • 010 35 
1835.31 61658.8 .00910 
2050.07 76078.5 .00857 





















TABLE. 4. FRICTION FACTOR DATA TAKEN. IN··· THE '·PIPE FLOW UN.IT 
0.01 PER CENT PMHA V-100 IN. TOLUENE .. 
TUBE TEMP . GPM PSI/FT FT/SEC . NRE-S NRE-G F ODP/4L BV/0 F RATIO 
2.00 29.9 17.90 .0021 1.83 46965. .004542 6~-1 88.0 
.51 30.0 17.90 . 1. 7524 28.23 184003. .004039 1281.2 532 5.0 ' 
1.00 30.0 23.40 .1117 9.59 122659. .004380 160.3 921.0 
2.00 29.9 23.40 .0039 2.39 61329. .004921 11.3 115.0 
.51 30.2 23.40 2.7558 36.87 240277. .003725 2014.8 6955.0 
1.00 29.9 17.90 .0662 7.34 93931. .004434 95.1 705.0 
0.05 PER CENT PMMA V-100 IN TOLUENE, 
TUBE TEMP GPM PSI/FT FT/SEC NRE-S NRE-G F DDP/4L SV/0 F RATIO 
1.00 29.9 17.20 .0649 7.04 90130. .004716 93.2 677.0 
2.00 30.0 17.20 .0024 1.76 45065. .005629 7.0 84.0 
.51 30.1 17.20 1.5905 27.09 176556. .003982 1162.9 5110.0 
1.00 30.0 23.50 .1091 9.63 123171. .004244 156.6 925.0 
2.00 30.0 23.50 .0040 2.40 61585. .005020 11.6 115.0 
.51 30.1 23.50 2.8416 37.02 241280. .003809 2077.5 6983.0 
0.10 PER CENT PMMA V-100 IN TOLUENE 
TUBE TEMP GPH PSI/FT FT/SEC NRE-S NRE-G F DDP/4L 8V/D F RATIO 
1.00 30.0 17.30 .0654 7.10 90861. .004677 93.9 682.0 
2.00 29.9 17.30 .0024 1. 77 45430. .005474 6.9 85.0 
.51 30.1 17.30 1.6560 2 7. 31 177988. .004079 1210.8 5151.0 
1.00 30.0· 23.50 • 1111 9.63 123171 • .004322 159.5 925.0 
2.00 30 .o 2'3'.50 • 0038 2.40 61585 • .004746 10.9 115.0 




TABLE 4~ FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
0.95 PER CENT PMMA V-100 IN TOLUENE 
TUBE TEMP GPM PSI/FT FT/SEC NRE-S NRE-G F DDP/4l 8V/D F RATIO 
1.00 30.0 17.40 .0657 7.12 91154. .004668 94.3 684.0 
2.00 30.0 17.40 .0025 1.78 455 77. .005664 7.2 85.0 
.51 30.1 17.40 1. 6951 27.40 178561. .• 004148 1239. it 5168.0 
1.00 30.0 24.00 .1227 9.83 125729. .004580 176.1 944.0 
2.00 30.0 24.00 .0040 2.45 62864. .004818 11.6 118.0 
.51 29.9 24.00 2.9918 37.78 246291. .003850 2187.4 7127.0 
0.001 PER CENT PIB L-200 IN TOLUENE 
TUBE TEMP GPM PSI /FT FT /SEC NRE-S NRE-G F DDP/4l SV/0 F RATIO 
1.00 30.0 18'.40 ·.0706 7.54 96lt90. .004534 101.3 724.0 
2.00 30.0 18.40 • 0026 1.88 48245 • .005268 7.5 90.0 
.51 30.0 18.40 1.6392 29.oo· 189014. .003581 1198.4 5470.0 
1.00 30.0 24.20 • 1192 9.91 126753 • .004379. 111.1 952.0 
2.00 30.0 24.20 .0044 2.47 633 76. .005130 12.5 119.0 
.51 30.0 24.20 2.9392 38.10 248296 •. .003772 2148.9 7186.0 
0.01 PER CENT PIB L-200 IN TOLUENE 
TUBE TEMP GPM PSI/FT FT/SEC NRE-S NRE-G F DDP/4L 8V/D F RATIO 
1.00 30.0 5.60 .ooaa 2.29 2 9312. .006014 12.6 220.0 
.51 30.0 5.60 .2191 8.81 57420. .005186 160.2 1661.0 
1.00 30.0 7.80 • 0377 3.18 40789 • .013356 54.0 306.0 
.51 30 .o 7.80 • 3894 12.26 79901 • .004 760 284.7 2312.0 
1.00 30.0 9.00 .0205 3. 71 4 7514. .005 370 29.5 356.0 










• 51 30.1 
1.00 29.9 













2.00 30 .o 
1.oo 30.0 
2.00 29.9 
TABLE 4. FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
GPH PSI/FT FT/SEC NRE-S NRE-G F DDP/4L 8V/D 
11.40 • 0309 4.66 59721 • .005113 44.3 448.0 
11.40 • 7645 17.95 116988. .004360 559.0 3385.0 
13.80 • 0429 5.66 72513 • .004814 61.6 544.0 
13.80 1.0867 21.79 142047. .004204 794.5 4111.0 
18.90 .0731 7.76 99268. .004376 10'4. 9 745.0 
19.00 1. 8652 29.84 194456 • .003849 1363.7 5628.0 
21.80 .0973 8.94 114399. .004389 139.7 859.0 
21.80 2.4007 34.39 224097 • .003731 1755.2 6486.0 
24.30 .1220 9.96 127484. .004430 175.1 957.0 
24.40 2.8485 38.32 249728. .003565 2082.6 1221.0 
27.80 .1468 11.36 145320. .004101 210.6 1091.0 
27.80 3.4589 43.68 284667 • .003331 2528.9 8238.0 
33.90 .0076 3.47 88814. .004569 21.9 166.0 
33.90 .1957 13.88 177629. .003660 280.8 1334.0 
39.60 .o 100 4.05 103617. .004415 28.8 194.0 
39.60 .2606 16.20 207234. .003580 373.9 1556.0 
46.70 • o 138 4.77 122257 • .004373 39.7 229.0 
46.70 .3622 19.11 244515. .003574 519.7 1837.0 
61.00 • 0235 6.23 159501 • .004362 67.5 299.0 
61.00 .6000 24.94 319002. .003479 861.0 2 396.0 
78.40 .0347 8.o 1 204968. .003904 99.7 384.0 
78.40 .9080 32.05 409937. .003188 130 3.0 3079.0 





TABLE 4. FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONTI 
0.05 PER CENT PIB l-200 IN TOLUENE 
TUBE TEMP GPM PSI/FT FT/SEC NRE-S NRE-G F DDP/4L 8V/D F RATIO 
1.00 30.0 18.10 .0667 7.41 94809. 74396. .004378 95.7 712.0 .9135 
1.00 30.0 18.10 .0666 7.41 94809. 74396. .004374 95.6 712.0 .9126 
1.00 30.0 18.10 .0715 7.41 94809. 74396. .004696 102.6 712.0 .9798 
1.00 29.9 33.10 .2076 13.54 173243. 135943. .004082 297.9 1301.0 .9659 
1.00 30.1 46.90 .3535 19.19 245465. 192616. .003462 507.3 1844.0 .8782 
1.00 30.1 46.90 .3752 19.19 245465. 192616. .003674 538.4 1844.0 .9320 
2.00 29.9 33.10 .0077 3.38 86548. 67914. .004639 22.0 162.0 .9491 
1.00 30.0 33.10 .1703 13.53 173097. 135829. .004025 244.3 1300.0 .9522 
z.oo 30.0 37.70 .o 104 3.85 98610. 77379. .004514 29.8 185.0 .9498 
1.00 30.1 37.70 .2238 15.42 197220. 154 758. .003922 321.1 1481.0 .9526 
2.00 30.0 46.70 .0137 4. 76 122001. 95 734. .004319 39.3 229.0 .9507 
1.00 30.0 46.70 .2994 19.07 244003. 191468. .003763 429.7 1833.0 .9535 
2.00 30.0 62.40 .0228 6.38 163229. 128085. .004072 65.5 306.0 .9519 
1.00 30.1 62.40 • 5286 25.52 326458. 256171 • .003561 758.5 2453.0 .9548 
~{22 PER CENT PIB L-200 IN TOLUENE 
TUBE TEMP GPM . . P S 1/ FT . FT/SEC NRE-S NRE-G F DDP/4L 8V/O F RATIO 
1.00 30 .o 5.30 .o 101 2.17 -28727. 20955. .007466 14.5 209.0 1.1658 
.51 30.0 s. 30 • 1922 8.36 562 74 • 41048. .004890 140.5 1577.0 .8946 
1.00 30.0 a.5o .0228 3.49 46198. 33699. .006506 32.7 336.0 1. 13 75 
• 51 30.0 a. 50 .3604 13.45 90497 • 66012. .003546 263.5 2537.0 .7210 
1.00 30 .o 12.90 .0468 5.27 69589. 50761. .005882 67.1 506.0 1.1288 
.51 30.0 12.90 .6148 20.26 136319. 99436. .002666 449.5 3821.0 .5915 
1.00 30 .o 15.90 .0655 6.52 86110. 62812. .005381 94.0 626.0 1. 0824 
• 51 30.0 15.90 .8171 25.07 168681. 123042 • .002314 597.4 4729.0 • 5365 



























































































0.05 PER CENT PIB l-200 IN CYCLOHEXANE 






































































































































1428.0 • 7736 
234.0 .9615 
18 7 5. 0 • 994 7 
230.0 1.1343 
1740.0 1.1079 
404.0 • 8949 
3055.0 • 8181 
666 .o ---- -~ 8947 
5029.0 .8523 
699·-~o ~ 9820 
5276.0 .8745 
338.0 .9602 
2 551.0 • 9~_92-
535.0 .9558 
4044.Q _____ ._l3_9Z~-








• 51 25.0 
.51 25.0 
1.00 25.0 
• 51 25.0 
.51 25.1 












TABLE 4. FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
GPM PSI/FT FT/SEC NRE-S NRE-G F DDP/4L 8V/D 
24.90 .1329 10.18 68631. 52160. .005110 190.7 978.0 
0.20 PER CENT PIB L-200 IN CYCLOHEXANE 
GPM PSI/FT FT/SEC NRE-S NRE-G F DDP/4L 8V/D 
34.70 .2713 14.20 95708. 38683 • • 005 363 389.3 1364.0 
7.50 .4388 11.92 40949. 16551. .005467 320.8 2249.0 
11.40 .8563 18.02 61883. 25012. .004986 626.0 339s~:~t 
39.60 .3118 16.18 109077. 44087 • .004420 447.4 1555.0 
18.30 1. 68 39 28.85 99079. 40046. .004509 1231.2 5441.0 
22.50 2.1924 35.48 121848. 49249. .004320 1602.9 6692.0 
21.30 .1073 s. 71 58753. 23747. .005043 lS4.0 837 .o . 
27.50 .1689 11.25 75868. 30664. .004771 242.4 1081.0 
35.50 .2604 14.50 97795. 39527 • .004521 373.7 1394.0 
7.20 • o 177 2.96 19967. 8070. .008028 25.4 284.0 
10.20 .0316 4.20 2 83 55. 11461. .007127 45.4 404.0 
12.40 .0428 5.07 34187. 13818. .0066 36 61.5 487.0 
16.90 .0655 6.94 46790. 18912. .005414 93.9 667.0 
20.50 .1003 9.38 56539. 22852. .005683 144.0 806.0 
0.40 PER CENT PIB L-200 IN CYCLOHEXANE 
GPM PSI/FT FT IS EC NRE-S NRE-G F DDP/4L BV/0 
45.20 • 2503 18.49 124460 • 30649. .002920 359.3 1777.0 
58.30 .3134 23.83 1606 78. 41061. .002198 449.7 2290.0 











































TABLE 4. FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
GPM PSI/FT FT/SEC NRE-S NRE-G F OOP/4L 8V/O 
9.50 • 0 318 3.8R 26183. 5118. .008387 45.6 373.0 
9.50 .4353 14.93 51291. 13501. .003963 318.3 2R 16.0 
13.90 .0610 5.67 3 82 75. 7918. .007538 87.5 545.0 
13.90 .6870 21.83 74976. 2 08 75. .002927 502.3 4118.0 
16.60 • 0 791 6.80 45853. 9 731. .006810 11 3. 5 653.0 
16.60 .8506 26.15 89822. 25687. .002525 621.9 49 33.0 
20.30 .1098 8.29 55901. 12218. .006363 157.6 797.0 
20.30 1.2148 31.90 109504. 32235. .002426 888.2 6016.0 
24.60 .1556 10.05 6 7 7 79. 15243. .006135 223.3 966.0 
24.60 1.5506 38.68 132773. 40219. .002106 1133.7 7295.0 
47.90 .02 30 4.89 65970. 12038. .007644 65.9 235.0 
73.80 .0431 7.54 101669. 19771. .006043 123.7 362.0 
90.40 .0558 9.23 124532. 24969. .005217 160.3 443.0 
96.60 • 0643 9.86 132962. 26907 • .005265 184.4 473.0 
23.90 .1438 9. 77 65906. 14 766. .005993 206.3 939.0 
32.50 .2331 13.29 8 95 78. 20985. .005260 334.5 1277.0 
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Physical Dimensions of Tubes 
Diameter Length L/D 
inches inches 
1.998 200.0 100 
0.999 200.0 200 
0.509 153.0 300 
0.1033 48.025 465 
0.06290 24.22 385 
0.03254 24.22 744 

























































Molecular Weight and Intrinsic Viscosity of Polymers 
Polymer Solvent Molecular Intrinsic Temperature 
Weight Viscosity 
dl/g oc 
PIB L-80 Cyclohexane 860000 3.43 25 
PMMA-G Toluene 1500000 1.703 30 
PIB L-200 Toluene 4700000 4.20 30 
PIB L-200 Cyclohexane 4700000 6. 64';\" 25 
Polystyrene Toluene 240000 1.026 30 
PMMA-VlOO Toluene 110000 0. 31-;'d( 30 
* For a degraded solution 
** estimated value 
Table 8 
Density and Viscosity of the Solvents 
Calculated Measured 
Temp(°C) Solvent Density(gms/cc)* Density(gms/cc)(l7) f3o 
25.0 Cyclohexane 0.7749 0.7735 0.79707 
30.0 Toluene 0.8564 0.8556 0.88412 













Viscosity of Polymer Solutions 
Polymer Solvent Concentration Viscosity 
o/o cps 
PIB L-80 Cyclohexane 0.001 0.8915 
PIB L-80 Cyclohexane 0.050 0.9981 
PIB L-80 Cyclohexane 0.10 1.120 
PIB L-80 Cyclohexane 0.30 1.673 
P}':{MA-G Toluene 0.10 0.5961 
P}':{MA-G Toluene 0.25 0.6888 
PMMA-G Toluene 0.40 0.8660 
P}':{MA-G Toluene 0-55 0.9566 
PMMA-G Toluene 0.70 1.187 
PMMA-G Toluene 0.90 1.313 
PIB L-200 Toluene 0.05 0.6600 
PIB L-200 Toluene 0.10 0.7100 
PIB L-200 Toluene 0.42 1.70 * 
PIB L-200 Cyclohexane 0.05 1.17 
PIB L-200 Cyclohexane 0.20 2.20 
PIB L-200 Cyclohexane 0.40 3.80 "';"( 
Polystyrene Toluene 0.94 1.056 
"';'( 
non-Newtonian fluid; average apparent viscosity used for 
relaxation time calculations. 
Table 10 











































































Cyclohexane. Purity (wt 0lo cyclohexane) 99.9 ~0 minimum; 
impurities-non-volatiles, water, henzene 0.101 maximum· lo , 
maximum boiling range o.4°C, including 80.7°C; specific 
gravity 0.780 - 0.784 at 15.5°C; purchased from G. s. 
Robins Co., St. Louis, Missouri. 
Toluene. Purity (wt 0/0 toluene) 99-5°/0 minimum; impurities -
heptane isomers 0.5 9b maximum; maximum bioling range 1°C, 
including ll0.6°C; specific gravity between 0.869 and 0.873 
at 15.5°C; vibration grade; purchased from G. S. Robins Co., 
St. Louis, Missouri. 
Pollisobutylene L-200. Enjoy HM Vistanex; grade L-200; 
lot B31006; code 054; viscosity average molecular weight 
4,000,000 - 4,700,000, distribution unknown; enact pro-
duction method and catalyst content unknown; color, white; 
donated by Humble Oil and Refining Co., Baton Rouge, 
Louisiana. 
Pol~ethyl methacrylate V-100. Rohm and Haas Plexiglas 
V-100 molding powder; molecular weight approximately 110,000; 
donated by Rohm and Haas Co., Philadelphia, Pennsylvania. 
Pol~isobutllene L-8o. Enjoy MM Vistanex; grade L-80, lot 
B40 828; code 230; molecular weight approximately 720,000, 
125 
distribution unknown; produced by a low temperature Friedel-
Craft reaction; catalyst free with trace amounts of butylated 
hydroxytoluene and sodium stea· .. 'ate; color, slightly yellow; 
donated by Humble Oil and Refining Co., Baton Rouge, 
Louisiana. 
Polymethyl methacrylate G. Procured in the form of a 1/4 -
inch thick Plexiglas sheet with molecular weight approximately 
1,500,000, distribution unknown; donated by Rohm and Hass 














exponent of Mark-Hov:.rwink equation 
slope of log(P11-P22 )w versus log(8V/D) 
concentration of polymer, g/dl 
tube diameter 
shear rate in circular tubes 
Fanning friction factor 
friction factor for purely viscous materials in 
turbulent flow, defined by Equation 9 
friction factor for laminar flow 
dimensional constant, lbm-ft/ lbf-sec2 
Weissenberg Number 
Gibb's free energy 
free energy of dilution 
consistency index in Eq. 2 
consistency index in Eq. 3 
constant in the Mark-Hovwink Equation 
constant in Eq. 22 
constant in Eq. 22 
constant in Eq. 23 
k' Huggin 1 s constant 
L length of tube 
1 length of bond 
















flow behavior index in Eq. 2 
flow behavior index in Eq. 3 
mole fraction of component 1 
ntunber of bonds in a molecule 
Reynolds Number 
Generalized Reynolds Number 
pressure drop 
first normal stress difference at the wall 
exponent of diameter correction factor for £ 
gas constant 
root mean square end to end distance of 
molecules 
root mean square end to end distance of 
molecules in a Theta solvent 
dimensionless group defined by Eq. :::;c; 
velocity 
volume fraction of polymer in solution 
volume fraction of solvent in solution 
polymer 
polymer 
ratio of the volume of a polymer molecule to the 













Eigenvalue in Zimm's equation 
?;.,,.,.... 
Deborah Number, -- ~ 
11 
Deborah Number, ~ 7, 




shear stress at the wall 
critical shear stress at the wall 
relaxation time 
o, constant in Eq. I 0 
turbulent energy dissipation 
turbulent energy dissipation for solvent 
parameter used by Elata 
parameter in Shin's equation for critical 
concentration 
ratio of the volume of a polymer molecule to the 
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